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ABSTRACT 


The effect of induced subarachnoid hemorrhage (SAH) on cerebral 
blood flow (CBF) and cerebral arterial reactivity was investigated in 
lightly anesthetized rhesus monkeys. Cerebral blood flow (partial 
hemispheric and regional) was measured by the intra-arterial radio- 
isotope tissue clearance method of Ingvar and Lassen. Concurrent serial 
angiographical studies were performed during a 3-hour period after 
induction of SAH. Other physiological parameters monitored throughout 
the experimental period included blood pressure, heart rate, EKG, 
arterial blood gases and pH, EEG and intracranial pressure. The changes 
observed were subsequently correlated with the clinical (neurological) 
State of the animals upon reversal of anesthesia. 

Subarachnoid hemorrhage caused a significant reduction in the 
cerebral blood flow in 75-80 percent of animals. The reduction in CBF 
occurred immediately after the onset of SAH and remained low for the 
duration of the experimental period. Generalized angiographical vaso- 
Spasm was present in 100 percent of animals subjected to SAH. The degree 
of vasospasm present in animals exhibiting reduced cerebral perfusion was 
not significantly different from animals not exhibiting decrease in CBF, 

Cerebral insult (SAH) and traumatic spasm of the internal 
carotid artery (TSICA) was associated with a decreased CBF response to 
induced hypocapnia and hypercapnia. Severe hypercapnia (PaC0, values 
of 60 mm Hg to 65 mm Hg) caused marked increased in cerebral perfusion 
even though vasospasm was not alleviated. 


These investigations support the hypothesis that cerebral 
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blood flow studies adequately reflect the status of the cerebral cir- 

culation and neurological function after subarachnoid hemorrhage. 
Furthermore, it is concluded that angiographical vasospasm 

of the large capacitance vessels after subarachnoid hemorrhage does not 


necessarily indicate impairment of cerebral perfusion and function. 
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CHAPTER ONE 


INTRODUCTION 


The pathophysiologic mechanisms involved in the production of 
decreased cerebral perfusion and function following subarachnoid 
hemorrhage (SAH) in man remain to be fully elucidated, Although 
cerebral arterial spasm has been implicated as the principal cause of 
morbidity and mortality after aneurysmal rupture, knowledge regarding 
the mechanism of initiation, propagation and prolongation of pathologi- 
cal vasoconstriction is incomplete. While marked vasospasm may appear 
to diminish cerebral blood flow (CBF), recent clinical and experimental 
Studies have failed to show a direct correlation between vasospasm, 
cerebral ischemia and development of neurological sequelae. 

Interest continues in developing improved models, comparable 
to the clinical phenomenon, for studying cerebral arterial spasm. 
Utilizing improved angiographical techniques, pathological vasocon- 
striction has been induced by avulsion or puncture of a major cerebral 
artery and by injection of the whole autogeneous blood into subarach- 
noid spaces at the base of the brain. However, it seems doubtful that 
the radiological picture alone can serve as an adequate prognostic 
indicator regarding cerebral perfusion and neurological function when 
vasospasm exists. 

The initial study presented here (study A) was designed to 
investigate the acute effect of induced subarachnoid hemorrhage on 
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cerebral blood flow determined by the Xenon Xe) intra-arterial 


technique in the rhesus monkey. Changes in cerebral blood flow after 
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induced SAH were correlated with the neurological condition of the 
animals immediately following each experiment. In addition, the effect 
of subarachnoid acidic saline injection on cerebral perfusion was 
Studied in several animals. Cardiovascular, electroencephalographic 
and intracranial pressure changes in response to subarachnoid 
hemorrhage and subarachnoid saline injection were simultaneously 
monitored. 

The second study (study B) was undertaken to determine whether 
reduced cerebral perfusion observed after induced subarachnoid 
hemorrhage was primarily due to development of cerebral arterial spasm. 
This study concurrently investigated changes in angiographical 
arterial caliber and regional cerebral blood flow and the changes 
observed were subsequently compared to the clinical and neurological 
state of the animals following termination of each experiment. In 
addition, the effect of induced subdural hemorrhage on regional cerebral 
blood flow, angiographical caliber of cerebral arteries and neuro- 
logical state of the animals was investigated. 

The final study (study C) was designed to concurrently 
investigate regional cerebral perfusion (rCBF) responses and intradural 
vessel reactivity (angiography) to graded carbon dioxide tension 
changes in control monkeys and monkeys subjected to induced subarach- 
noid hemorrhage and traumatic internal carotid artery spasm. The 
observed changes were statistically analyzed and conclusions were 


formulated. 
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CHAPTER TWO 
HISTORICAL REVIEW 


I. PHYSIOLOGY OF CEREBRAL CIRCULATION 

As in all perfused organs, blood flow through the brain 
tissue is directly proportional to the driving perfusion pressure and 
inversely proportional to the cerebrovascular resistance, i.e., 


Cerebral Perfusion Pressure 
Cerebrovascular Resistance 


Flow = 
A. The Cerebral Perfusion Pressure 

The pressure of the blood perfusing the brain is the difference 
between the mean arterial blood pressure (MABP) minus the mean intra- 
cranial pressure (ICP) and the intracranial venous pressure (ICVP): 

CPP = MABP - (MICP + MICVP) 

As the cerebral venous pressure is comparatively low 
(approximately 5 mm Hg), it can be assumed to contribute little to the 
regulation of cerebral blood flow under normal circumstances. 

Moyer, et al. (1) studied the effect of increased cerebral venous 
pressure to 18 mm Hg in normal subjects and found no alteration in 
cerebral perfusion. Cerebral venous pressure, however, becomes an 
important factor in maintaining adequate cerebral perfusion during 
positive gravitational stress. Henry, et al. (2) demonstrated that 

at 4-5 G, cerebral arterial pressure dropped to only a few millimeters 
mercury but cerebral perfusion was maintained at a constant level 
because cerebral venous pressure fell to nearly minus 60 mm Hg. 


Recent studies (3,4,5) have emphasized the effect of 
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increased intracranial pressure (ICP) on cerebral blood flow (CBF) 
through alteration in cerebral perfusion pressure. Cerebral perfusion 
pressure was calculated as the difference between the mean arterial blood 
pressure and the mean intracranial pressure. Zwetnow (4) and Haggendal 
(5) have shown that CBF in the dog remained constant over a wide 

range of levels of increased ICP (0-100 mmHg). Cerebral blood flow 

did not decrease until the cerebral perfusion pressure fell below 

40 mm Hg. This findings was confirmed by Johnson (6) in baboons and: by 
Miller (7,8) in dogs. 

Under normal physiological conditions, the major factor 
determining cerebral perfusion pressure is the cerebral arterial 
pressure. Cerebral blood flow studies in man have shown a remarkably 
constant flow over a wide range of perfusion pressures. Experimental 
and clinical studies (9,10,11,12,13,14,15,16) have demonstrated that CBF 
is kept constant over a mean arterial pressure range varying from 50-80 
mm Hg and 225 mm Hg or more. Not until the mean arterial pressure 
falls below the range 50 mm Hg - 80 mm Hg does CBF decline. These 
studies suggested the presence of an autoregulation of cerebrovascular 
tone and thus cerebral blood flow in response to changes in cerebral 
perfusion pressure. | 

Autoregulation represents one of the fundamental mechanisms 
which controls cerebral blood flow and is defined as the inherent 
property of the brain to maintain a constant blood flow despite 
changes in cerebral perfusion pressure. This phenomenon was first 
described by Fog (9) and Forbes (13) and has been recently confirmed 


by inert tracer CBF studies. 


The mechanism of autoregulation has not been established and 
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three theories regarding its pathogenesis have been proposed. 
(a) Myogenic Theory: 

The studies of Bayliss (17) and Folkow (18,19) in the peri- 
pheral vascular system led to the consideration of a myogenic mechanism 
in the cerebral circulation. According to this hypothesis the 
resistance vessels are considered to have a high degree of resting 
vasomotor tone due mainly to smooth muscle contraction in the walls. 

An increase in intravascular pressure stimulates a further increase in 
tone by first stretching the muscle causing a reactive shortening of 
radial fibers and a reduction of vascular radius. A decrease in intra- 
luminal pressure has the opposite effect causing vasodilation. The 
effective pressure stimulus is not the intraluminal pressure per 
se but is the difference between intravascular and extravascular 
pressure, i.e., the transmural pressure. This theory assumes that neuro- 
genic and metabolic factors play little or no part in the maintenance of 
autoregulation. 

(b) Metabolic Theory: 

The metabolic theory postulates that the basal tone of the 
cerebral vessels is secondarily influenced by the action of biochemical 
vasoactive substances (cerebral metabolites, carbon dioxide and oxygen). 
Meyer, et al. (20) observed that reduction in blood pressure and blood 
flow resulted in decreased tissue PO, and increased tissue PCO. which in 
turn led to a decrease in cerebrovascular resistance and an increase 
in blood flow. These events were primarily due to the sensitivity of 
vascular smooth muscle cells to changes in PCO, and pH. Gotoh, et al. 
(21) demonstrated that the change in tissue PCO, exerted its effect on 


vascular smooth muscle by reducing the pH within smooth muscle cells. 
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(c) Neurogenic Theory: 

Evidence concerning the importance of neurogenic influences 
on autoregulatory response has been rapidly accumulating (22,23,24, 
25,26). Pathways of the autonomic nervous system from brain stem centers 
have been established and rich autonomic innervation of the cerebral 
vessels has been confirmed (27 ,28,29,30,31). While neurogenic factors — 
have been previously assumed to have an insignificant influence on the 
mechanism of autoregulation (32,33), recent evidence has demonstrated 
that neurogenic factors participate in the control of autoregulation 
(24,25,26). Meyer, et al. (34) have demonstrated impairment of auto- 
regulation with preserved chemical vasomotor control of CBF in patients 
with brain stem lesions and these authors hypthesized that a neuro- 
genic mechanism via the autonomic nervous system was responsible for 


the control of cerebral autoregulation. 


B. Cerebrovascular Resistance 
Resistance is directly proportional to the length of the 
vessel (which is relatively fixed) and inversely proportional to the 
fourth power of the radius (35). Thus changes in diameter or tone of 
the vessel plays a major role in altering cerebrovascular resistance 
(CVR). The factors influencing cerebrovascular tone are classified as 
either chemical (metabolic) or neurogenic. 
(a) Metabolic Control of Cerebral Blood Flow 
Studies in animals and man during seizures, sensory stimulation 
or arousal demonstrated an increase in cerebral metabolism causing a 
secondary or indirect increase in cerebral blood flow ( 36,37,38). It 


became apparent that local increases in brain tissue PCO. caused by 
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increased metabolism were responsible for the increase in flow and that 
local reduction of tissue PO, which accompanies increased metabolic 
activity contributed in part to this process. Conversely, it was 
demonstrated that CBF decreased during anesthesia and during states of 
reduced metabolism when tissue PCO, production and oxygen utilization 
was reduced. | 
(1) Carbon Dioxide 

Since carbon dioxide is the main active product of cerebral 
metabolism, it provides a mechanism of regulating local blood flow in 
accordance with the metabolicneeds of the tissue. Carbon dioxide has 
been found to have the most profound effect on cerebrovascular tone of 
any substance investigated. Inhalation of 5 percent CO, increases 
CBF by approximately 50 percent while 7 percent raises CBF by more than 
100 percent (39,40). Measurements of the effect of higher concentrations 
of C0, in man have not been reported, however , an increase in CBF 
of nearly 240 percent of normal at arterial CO, tensions (PaCo, ) of 150 
mm Hg have been reported in monkeys (41). Harper (42) showed that CBF 
increased by 100 percent on raising the PaC0. from 40 mm Hg to 80 mm 
Hg in dogs. The C0. effect was attenuated by rendering the animals 
hypotensive, suggesting that cerebral vasodilation was partially due 
to hypotension. 

Reducing arterial C0, tension by hyperventilation causes 
an increase in cerebrovascular resistance and a decrease in cerebral 
blood flow, Kety (43) demonstrated that a reduction of arterial C0, 
to 26 mm Hg in man caused a decrease in CBF by 40 percent, whereas Reivich 
(44) demonstrated a fall in CBF of 50 percent when Palo, was lowered 


to 19 mm Hg. Alexander, et al. (45) reduced PaCO, in man under nitrous 
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oxide anesthesia to 1] mm Hg and found that jugular venous PO, 

levelled off at a value near 19 mm Hg as the PaC0,, was reduced to 20 mm 
Hg or lower. The authors suggested that a maximal vasoconstriction is 
produced at values of Pal0., below 20 mm Hg and that vasodilator effects 
of low tissue oxygen counteracted any further vasconstriction from a 
further lowering of PaCo.. 

The changes in Paco, Studied in man, although producing 
marked alterations cerebrovascular resistance, are not associated with 
any significant changes in cerebral oxygen uptake. At PaC0. levels be- 
low 20 mm Hg, however, significant changes in cerebral carbohydrate 
metabolism have been demonstrated (45). The factor responsible for 
this shift towards anaerobiosis during extreme hypocapnia has been 
shown by Reivich (46) to be due to cerebral hypoxia and not to a 
specific effect of hypocarbia. 

Although the response of cerebral vessels to changes in 
PaC0,» Pad, and pH have been well documented, the mechanisms and the site 
of action remain to be fully elucidated. Severinghaus (47) and Skinhoj 
(48) have maintained that the pH of the CSF or interstitial fluid is 
the important factor governing the regulation of cerebrovascular tone 
and cerebral blood flow. Gotoh, et al. (21) have presented evidence 
to support the Beanies that the intracellular pH of the smooth muscle 
cells of cerebral arterioles is responsible for cerebral vasomotor 
activity. The latter concept has been recently confirmed by Shinohara 
(49) who demonstrated that the final common pathway responsible for 
cerebral vasomotor activity was a change in the intracellular hydrogen 
ion concentration of smooth muscle fibers of cerebral arterioles. The 


precise mechanism whereby hydrogen ion concentration controls vasomotion 
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is not known, but is effect on intracellular calcium ion concentration 
appears to be important. 

(i7) Oxygen 

There is conflicting evidence regarding the effect of elevated 
arterial tensions of oxygen on the cerebral circulation. Inhalation 
of 85-100 percent oxygen has been reported to produce a mild reduction 
in cerebral blood flow in the order of 12-15 percent (50,51), while 
other investigators (52,53) demonstrated essentially no change in CBF 
when 80 percent oxygen was inhaled with PaC0., kept constant. However, 
during extreme hypocapnic states (Pac, 20 mm Hg or less) a vasocon- 
strictor effect and a further reduction of CBF of approximately 25 
percent has been demonstrated by inhalation of oxygen at 2-3.5 
atomospheres (46). Two theories have been advanced to explain the 
vasoconstriction effect present under these conditions. First, 
hyperbaric oxygen has a direct vasoconstrictor effect, and second that 
by removing the vasodilator effect of hypoxia associated with marked 
hypocapnia, the hyperbaric oxygen allows the full vasoconstriction 
effect of low PaC0. to be demonstrated. 

Numerous studies have demonstrated the effect of decreased 
arterial oxygen tension on cerebral perfusion (51,52).. Inhalation of 
8-10 percent oxygen increased cerebral blood flow by approximately 35 
percent with the Paco, remaining constant. A fairly high threshold 
for the response of cerebral blood flow to hypoxia appears to be 
present. No significant increase in CBF was observed until the oxygen 
tension of the blood is decreased to below 50 mm Hg (14,41,54). 

Harper (14) found no change in flow through the cerebral cortex until 


the Pa, fell below 40 mm Hg. Thereafter, cerebral blood flow 
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increased as the Pad, fell, and ata Pad, level of 20 mm Hg, the CBF 
was twice that of the control value. 

The mechanisms whereby oxygen affects the tone of the cerebral 
vessels has not been clarified. Gotoh and Meyer (55) have postulated 
that oxygen directly interacts with specific chemoreceptors within the 
vessels walls, although they have not excluded a neural mechanism. 

In summary, recent studies have shown that the relative 
effectiveness of chemical control (carbon dioxide, oxygen and other 
metabolites) in regulating cerebral blood flow varies with the tension 
of the gas being considered. Within the normal range, arterial PCO, 
is predominant in regulating CBF while arterial PO, has an insignficant 
effect. In this range the oxygen-dissociation curve is relatively flat 
so that large changes in Pad, produce little change in arterial oxygen 
content or cerebral oxygen delivery. The sensitivity of cerebral | 
vessels to changes in arterial PCO, is markedly diminished at 
tensions above approximately 80 mm Hg. On the other hand, oxygen 
tensions of ] atmosphere or more appear to produce moderate reductions 
in, GBF 1n AL Pa, levels below 50 mm Hg, the effect of hypoxia in 
raising CBF becomes more important and more pronaunced in spite of 
a concomitant hypocapnia which is usually present. In fact the limit- 
ing factor in the reduction of CBF by a low Paco. appears to be 
the development of cerebral hypoxia. Thus, at critically low levels 
of oxygen tension, the effect of oxygen becomes more predominant and 
that of carbon dioxide negligible.- Cerebral blood flow therefore, 
appears to be normally regulated in response to the metabolic re- 
quirements of the brain by carbon dioxide, while the effect of oxygen 


becomes important only after the brain PO. becomes critically low 


= 3) Le 
{ 
ri ‘ \ * i 
~4 ‘ 4 ; cE Ls ine ; 
' x J 
: : é 
“ - 4 
‘a j 7 
= i 
t aes r | 
' * 
of A 
i 
: ° 1 
q 
_ se 
-' Fy 
i 
; / ; ; < 
>. Ug 
> = 4 rf | * 
¥ i pe 9 
a re ro | » q ? 
’ ar 
ad » 
- 7 ; i} ° ? a : ; # 
nid , 2 
i | a his + pA PR ods. cet 
ia “Stan E> 
fs ba ; } 
* =. : 
nimi Vb gevet en Blo etary 4 sony i: af 
C ue : 
I ¥. 
\ ; it tir } : ard! ovods on ji rr 
; ; _ 
; ait tT oo ARN Wh yay id t; 
. ha sis, por qm 0e wale yf 


; ‘ ‘ eis i 1 
a 5 yS7 AL Sl Agee: ANG vi i ie 2) aatie: Bins jah 
Uy 


Ol of erhsdde CDS pin lS vil Ged i NOR ISU EN: ott ity 


oe 
1 etevs) vial (esis io In . cult” Veheoayn fatdeasir’ aban 
- ae ; 
a F . “ 
_ 7 : Tr : 6 %. ‘ : a. i ; 5 a yy ats = 7 oe 
_ Fr ba & A nfl hil sf La! id oe ae at | 250 7Se)' IDV RO c 2 47.7 %y Bhi not ate nae yee tu i j J 


eeeTan= tt wo henid fardeisd J.sheige (ese a0 it Liha oi 
«tt abladetan ed) pfs SeRnORESN Ih wat elyt Fem 


AANAO te 178tte ‘asta Bl: set. a vas wt) Airs ap WT Sth oe 


pk teat diya ease iia ie es be 
t Lt 0 


| Ge ‘ He 
7 a - —_ 7 7 ' ere 


-? 


or markedly elevated, 
(b) Neurogenic Control of Cerebral Blood Flow 

The existence of nerve fibers on cerebral vessels has been 
thoroughly documented by gross observations since the seventeenth 
century. Classical light microscopic (56,57,58), fluorescent histo- 
chemistry (27,28,29,59) and electron microscopic studies (30,31,60 
61) have all contributed to the morphologic evidence for cerebral 
vascular innervation, However, there remains considerable uncertainty 
as to the functional significance of these autonomic fibers. 

The application of fluorescent microscopy with its specific 
identification of catecholamine-containing nerves and electron micro- 
scopy with its high resolution and potential for differentiating 
between afferent and efferent endings has renewed interest iG this 
problem. Utilizing the histochemical fluorescence technique, Hillarp 
(62) and Falck, et al. (27), and Nielsen (28) demonstrated a rich 
adrenergic nerve supply to the main arteries at the base of the brain. 
Fewer nerves were present in distal branches, but pial arteries as small 
as 15-20 microns in diameter possessed adrenergic nerves. These 
nerves were infrequently observed in the arteries penetrating the 
brain parenchyma. Evidence that these nerves contained noradrenaline 
was given by their increased fluorescence after injection of a 
monoamine oxidase inhibitor and complete disappearance of fluorescence 
after reserpine treatment. In support of a sympathetic origin was the 
total loss of fluorescence of all vascular nerves following bilateral 
cervical sympathectomy. 

Peerless and Yasargil (29) also found a rich adrenergic 


innervation of superficial cerebral vessels with diameters between 
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100-300 microns, Fluorescent nerves were followed in diminishing 
numbers on all superficial arteries down to a diameter of approximately 
15 microns while intracerebral vessels were sparsely innervated. 

When the animals were subjected to drug-induced extreme hypertension 
and hypotension, a marked decrease of noradrenaline eoneent in the 
nerve terminals resulted. 

Recent electron microscopic studies (30,31) have demonstrat- 
ed the presence of myelinated and unmyelinated nerves within the adventitia 
or at the adventitial-medial junction of the larger cerebral vessels 
in various species, including man. The closest approximation observed 
between axonal endings and smooth muscle plasmalemma was 800 angstroms. 
The terminals of these nerves contained granular and agranular vesicles 
and it was proposed that the nerves containing granular vesicles 
were sympathetic (noradrenaline containing) in origin and are concerned 
with a vasoconstriction function, whereas axons containing translucent 
vesicles (acetylcholine containing) were of parasympathetic origin and 
are concerned with a vasodilatory mechanism. 

Despite the morphological demonstration of an abundant 
innervation, the functional role of these nerves remains to be fully 
elucidated. Recent physiological studies have contributed to a better 
understanding of neurogenic mechanisms involved in the control of 
cerebral vasomotor tone and cerebral blood flow. 

(i) Sympatheteic Control of Cerebral Blood Flow 

Krog (26) demonstrated a reduction in internal carotid artery 
flow in man on stimulation of the cervical sympathetic chain and Meyer, 
et al. (63) made similar observations in monkeys. In Meyer's study 


reduction in internal carotid artery flow was approximately 25 percent 
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and the reduction was much greater during inhalation of 5 percent 
carbon dioxide. James (25) meausred cerebral blood flow in baboons 
during sympathetic stimulation and found that stimulation attenuated 
and sympathectomy accentuated the dilator effects of inspired carbon 
dioxide. These studies have been confirmed by Harper (24). Corre- 
lating morphological and physiological findings from various recent 
Studies, Harper, et al (24) proposed that the cerebral circulation 
operated as two resistance units in series, each under a different 
control system: (i) intraparenchymal resistance -- includes intra- 
parenchymal arterioles and these vessels are regulated locally by the 
products of cerebral cellular metabolism and by changes in blood gases 
and (ii) extraparenchymal resistance -- which includes extraparenchymal 
arteries and veins under autonomic nervous control. These investigators 
speculated that although the extraparenchymal vessels are influenced 
by sympathetic discharge and may constrict the inflow vessels, normal 
autoregulatory process affecting the intraparenchymal arterioles will 
maintain normal cerebral blood flow. Furthermore, it was speculated, 
that during hypercapnic states the intraparenchymal system is paralyzed 
and thus the effects of sympathetic influence are uncovered. 

(ii) . Parasympathetic Control of Cerebral Blood Flow 

Chorobski and Penfield (64) first described vasodilator fibers 
in facial nerve passing through the geniculate ganglion via the 
greater superficial petrosal nerve to iareenreitoaretta plexus and 
then to the intracerebral vessels. Forbes, et al. (13) demonstrated 
vasodilation of the cerebral vessels with a concomitant increase in 


cerebral blood flow after stimulation of the vagus and facial nerves. 
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Futhermore, the importance of cholinergic nerves in cerebral vaso- 
dilation has been demonstrated in the studies of Mchedleshvili (65) 
and Salanga (66). However, Meyer, et al. (34) reported that increases 
in CBF induced by stimulation of the trigeminal, facial, glossopharyngeal 
and vagus nerves were inconsistent and unreliable and when they occurred, 
could be accounted for by increases in cerebral metabolism. 

(iii) Central Neurogenic Control of Cerebral Blood Flow 

Molnar (67) electrically stimulated areas of the brain stem 
in cats and from these studies concluded that neurogenically mediated 
centers exist in the brain stem which control vasoconstriction and 
vasodilation. Langfitt, et al. (68) demonstrated an increase in inter- 
nal carotid flow of monkeys by 40 percent after electrical stimulation of 
the brain stem. Shalit (69) studied the response of the cerebral 
vasculature to carbon dioxide after inducing freezing lesions within the 
brain stem and postulated the existence of neuromechanisms in the pons 
which respond to carbon dioxide causing vasodilation. More recently 
Fujishima (70) noted decreased CBF and cerebral metabolism in the dog 
following basilar artery occlusion along with reduced responsiveness of 
cerebral vessels to increased carbon dioxide tension. 

Meyer -et al. (34) measured CBF and cerebral metabolic rate 
of oxygen (CMRO, ) during electrical stimulation of the cortex, brain 
stem areas and diencephalon in monkeys and demonstrated that cortical 
stimulation had no effect on CBF and metabolism whereas stimulation 
of the thalamus, hypothalamus, pontine and midbrain retuclar 
formation increased cerebral blood flow by approximately 40 percent. 
Stoica, et al. (71) stimulated brain stem structures in baboons with 


pharmacologic agents and produced large and signficant increase in 
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cerebral blood flow, In this study evidence was presented to support 
the postulate that vasoconstrictor (adrenergic) and vasodilator 
(cholenergic) mechanisms exist within the brainstem which control the 
tonus of the large cerebral vessels. These investigators proposed (in 
accordance with Harper's hypothesis) that the central neurogenic 
vasomotor mechanisms exert their main influence via the large extra- 
parenchymal vessels and that they, as well as the intraparenchymal 
vessels, are influenced by changes in arterial carbon dioxide tensions. 
From the studies outlined above, it becomes apparent that 
centers exist within the brain which influence CBF and cerebral 
metabolism. The fact that these centers correlate closely with the 
central pathway of the sympathetic and parasymathetic systems 
suggests that control of CBF in part may be mediated via this neuro- 
genic pathway. Furthermore, clinical and experimental studies have 
demonstrated that the mechanism of autoregulation requires the 
integrity of both the brain stem centers and the autonomic nervous 


system. (72). 


II. MEASUREMENT OF CEREBRAL BLOOD FLOW 
A. The Inert-Tracer Techniques 
The year 1945 is important in the history of research on the 

cerebral circulation for it was during this year Kety and Schmidt(73) 
developed the nitrous oxide method for quantitatively measuring 
cerebral blood flow and cerebral oxygen utilization in man. This 
technique, based on the Fick Principle (1855) has been widely adapted 
and modified in recent years. Several of the more common methods for 


calculation of the average of regional cerebral blood flow based on the 
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Fick Principle are outlined below. 
I, Arterio-Venous Difference Techniques: 
(i) N40 - Manometric Counting 
(ii) 2kr - Scintillation Counting 
(iii) Argon - Mass Spectometry 
II, Isotope Clearance (Residue Detection) Techniques: 


(i) 133.4 _ Scintillation Counting 


re - Scintillation Counting 
(iii) '°0 - Scintillation Counting, 
The inert gas techniques utilize the Fick Principle which 
states that the quantity of inert gas taken up by a tissue in a given 
time is equal to the quantity entering the tissue via the arterial 


blood, minus the quantity leaving the tissue in the venous blood. 


Expressed mathematically: 


where C. and Cy equal the cerebral arterial and venous concentrations 
of the inert gas respectively, A is the partition coefficient for the 
inert gas between brain tissue and blood, and C(u) is the venous 
concentration of the inert gas at time u, i.e., when the brain 
concentration of the inert gas is in equilibrium with the venous 
blood at the end of the period of inhalation. 

Thus, by determining the difference between the integrated 
values of the concentration of the inert gas in arterial and venous 
blood of the brain, and knowing the value of the gas in the venous 


blood at time Uy> the average or total blood flow per unit volume of 
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brain was calculated (Kety, 1945). 

The nitrous oxide method of Kety and Schmidt determined the 
average cerebral blood flow per 100 grams of tissue per minute. 
Several assumptions regarding calculations of CBF were made by the 
authors: (i) CBF was constant during the period of measurement and 
was not altered by inhalation of the inert gas; (ii) the venous 
Samples were representative of mixed venous blood from the brain: 
(iii) there was an insignificant amount of extracerebral contamination; 
(iv) blood samples are drawn over a sufficient long period so that the 
concentration of the inert gas in the brain is in equilibrium with the 
concentration in the venous blood from the brain; and (v) the partition 
coefficient value used was representative of the mean partition 
coefficient of the inert gas for the entire brain. 

Recent studies by Lassen (74), Mangold (75), Reivich (41), 
Shenkin (76) and Kety (43,51,73) have demonstrated that the assumptions 
upon which the inert gas techniques are based appear to valid and 
measurement of CBF under normal physiological conditions can be made. 

Several modifications of the original Kety-Schmidt technique 
have been developed for measurement of the CBF. Scheinberg (77) described 
a method of CBF measurement in which an integrated sampling technique 
was utilized, and Kennedy (78) measured CBF in children by a micro- 
analytical method for determining the concentration of nitrous 
oxide. 

In 1951 Kety (79) proposed that cerebral blood flow could be 
determined by a desaturation technique and suggested the use of radio- 
isotopes. Lassen and Munck (74) introduced SO krypton for cerebral blood 


flow measurement utilizing the Kety-Schmidt method and Lewis (80) 
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devised a technique whereby estimation of total CBF was recorded 
by means of external counting of 7 3erypton with externally placed 
scintillation detectors. 

While the Kety-Schmidt nitrous oxide technique or its modifi- 
cations were suitable for studies of physiological and pathological 
changes which affected the whole brain (general anesthesia, coma, 
dementia, epilepsy and other diffuse brain disorders), this method of 
CBF measurement has been of limited clinical and experimental value 
Since most of the acute brain disorders are of a localized nature 
(apoplexy, tumors, trauma). This fact prompted endeavours to develop 
techniques which were capable of measuring regional cerebral blood 
Flow. | 

In their classical experimental studies, Lassen and Ingvar 
(81, 82) developed the radioisotope clearance method for the quanti- 
tatvie measurement of regional cerebral blood flow. In their initial 
experiments, rCBF was determined by recording the rate of clearance 


of 85 


Krypton from the exposed cerebral cortex following internal 
carotid artery injection using a beta ray (8 ) detector. This 
technique was subsequently adapted for measurement of rCBF in man by 
recording the clearance of gamma emissions of BO Krypton through the 
intact sku11(83). Glass and Harper (84) measured rCBF in man by 
substituting 133, anon for Boy rypton. 

The intra-arterial injection isotope clearance (residue 
detection) methods for studying cerebral blood flow have become very 
popular in recent years and arrays of up to 250 scintillation detectors 


have been utilized to determine clearance rates from smaller regions 


of the brain (80). This technique is currently advocated as the most 
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physiological means to measure rCBF and has assumed increasing clinical 
importance as an adjunct to cerebral angiography. 

A radioactive oxygen method has been recently developed by 
Ter-Pogossian and his associated (85). This technique utilizes oxygen 
either as oxyhemoglobin or water injected into the internal carotid 
artery with the clearance curves determined by external scintillation 


ie 


detectors. This method has an advantage over the Xenon method in 


that both rCBF and regional cerebral metabolism are measured simultane- 


ene 


ously. Theoretically oxygen also offers other advantages over 
in measurement of rCBF in that the problems of self-absorption are less 
(y-ray energy consideration) and the partition coefficients in both 
cerebral compartments are equal. Disadvantages of the oxygen technique 
include difficulties with y-ray collimation and a very short half life 
(123 seconds) of the radioisotope. 

In general, three methods of analysis and calculation of the 
cerebral blood flow have been utilized. These methods include (i) Bi- 
exponential (Compartmental), (ii) Stochastic (Height over Area), and 
(iii) Initial-slope-index (ISI) methods. Theoretical considerations 
and limitations of each method are discussed in section B. 

Mallett and Veall (86) introduced an atraumatic technique for 
the measurement of rCBF by monitoring the clearance of radioisotope from 


133 


the brain after five minutes of inhalation of Xe mixed with air. 


Although very attractive clinically, the technique has been associated 


with the problem of recirculation of the radioisotope and extracerebral 


133 


contamination. Obrist, et al . (87) refined the Xe inhalation 


—> 


technique by utilizing a three-compartment analysis of the cerebral 


clearance curves. In addition, a deconvolution procedure (unfolding 
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of superimposed responses) was utilized to correct for recirculation. 
More recently Obrist (88) further modified the analysis of the inhalation 
technique and obtained grey matter flow values comparable to those of 

the intra-arterial technique. 


133\,, 


Agnoli, et al. (89) proposed employing an Re ANE 
method for measuring rCBF. By solving the convolution integral for each 
compartment of the clearance curve separately using an analog computer, 
Austin, et al. (90) measured rCBF in the grey and white matter after 


133yQ The flow values obtained by this method 


intravenous injection of 
compared favorably with those determined by the intra-arterial technique. 
Because of its relative atraumatic nature, the intravenous method should 


gain wide application in clinical studies.., 


B. Theoretical Considerations of CBF Calculation 
(a) Bi-exponential (Compartmental) Analysis 
Kety (73) showed that the exchange of an inert gas between blood 
and a single homogenous tissue < could be expressed by application of the 
principle of conservation of matter (i.e., the Fick Principle, when 
applied to blood flow measurement), Expressed algebraically: 
dQ; = F dt (Ca-Cv ;) -Bl 
Here, dQ. is the infinestimal change in the quantity of inert gas in 
the tissue in time dt, and includes, by definition, its contained 
blood, which, by itself, constitutes only a small fraction of the total 
tissue weight W. Ca and Cv are respectively, the arterial and out- 
flow venous concentrations of inert gas for tissue <. In the following, 
the subscript < is dropped for the sake of clarity whenever a single 


tissue is under consideration. 
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In a single homogeneous tissue with an essentially instantaneous 
diffusion equilibrium, the tissue concentration C is given by 
| C=ACy -B2 
where A is the tissue- blood partition coefficient as defined by Kety 
(1951). However, since the total quantity of inert gas, Q, is given 
by 
Q = CW, 
the following expression for dQ becomes; 
dQ = WdC -B3 
Since W, the total weight, stays constant. Substituting for Cv (from 
equation B2)and for dQ (from equation B3) into equation Bl yields: 


WdC = E (Ca - St 


Cy ae (Pe 
a dt WA 
Here, AS Sia 


t=0 (the start of inert gas clearance from the tissue), C(t)=0, 


(C(t) - Cad) -B4 


ow per gram of tissue. If Ca=0, and if, at 


equation B4 may be integrated to give 
C(t) = C(O)exp[=> t] -B5 
where C(t) : Tissue concentration at arbitrary time t; 
C(O) : Concentration at t=0, or the peak value prior to 
desaturation; 
f : Blood flow in units of ml/gm/min; 
A} : The volume distribution of the tracer per unit weight of 
tissue in units of ml/gm. 
Equation B5 therefore describes the behavior of the concentration 
as a function of time, and clearly shows a monoexponential clearance. 
Subsequent to this development of Kety (1951), Ingvar and Larsen 


(82) recognized that clearance curves from the brain could be 
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appropriately described by a model consisting of two physiologic 
compartments in parallel. This became apparent upon replotting such 
curves on a semi-logarithmic scale, whereby it became fairly obvious 
that two distinct rates of decay were present. 

Ingvar and Lassen showed that in a inhomogeneous organ (such as 
the brain), the average concentration C(t) is given by the fol Tang 
equation: 


C(t) = sy llw,c ,(0)exp(— t)] -B6 
Pao pe. 
A A 


The summations in equation B6 run over all possible values of the suffix 
4, which labels the different compartments; i.e., in a two compartment 
model, < would take two values. The average flow through the organ, f, 
is 


f = LS eae -B7 


If one assumed rapid arrival of the tracer bolus into the 
tissue, even mixing of the tracer, and uniform counting efficiency, 
then, for each compartment <, C (0) is directly proportional to Fis 
1 Oct, 

C (0) = Df; > 


D being a relative measure of the quantity of tracer injected. 


For a two-compartment system, the average concentration 


becomes, from equation B6, 


-f -f 
a aq W 
Ce ee WFD exp ae + WFD exp ant) -B8 


The suffixes g and w in equation B8 label the two compartments, and 
will, in the case of the brain, be subsequently interpreted to mean grey 


and white matter respectively. In addition, the quantities Wa and 
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Wh are relative weights of the two tissues, j.e., XW in equation B6é 
dL 


becomes Wa + We = |, 


Defining the four quantities ly ‘ x and ah as follows: 


f 
Dee E00, = oo 
ger" g : 


I =Wf.D 3 K, = 3% 


=B9 


one rewrites equation B8 as follows: 
C(t) - es exp (-K,t) + Le exp (-K,t) 
If the partition coefficients ae Ay are known, then the flow 
rates un and ee may be calculated by replotting the clearance curve 
on a semilogarithmic scale. This replotting gives the two components 


(as straight lines), and their respective "half time" (t's). The flow 


rates are related to the tk's via: 


f= x 9-693 < 199, 9-693 nt /100/am/min -B10 
Ee hee 
f = 9-693 < 199 9-693 nt /100/gm/min -B11 


The ts and Us, are the respective "half-times" for the two compartments. 
From the zero-time intercepts, I, and Ih (as given by equation B9), 


one obtains the relative weights of the tissues, via.: 


a 100 baer iar : (a) B12 


bal 
W 
W. = 100 —~-——-— 2% 100(1-W.)% -BI13 
Ww ini = ay g 


Then the mean blood flow for the two compartments (as defined by 


equation B/ becomes: 


fi. = ee + oa m1/100gm/min -B14 


(b) Stochastic (Height/Area) Analysis: 
The basic equation in this approach to CBF was derived by 


Meier and Zierler (91) and is based on measurement of indicator transit 
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times. It is, in fact, derived from the principle of conservation of 
matter (Fick Principle) which states that all of the indicator introduced 
into the system must, in time, be washed out. Based on this, one derives 
an expression from the mean transit time (€) of the injected indicator 
which is | 
t= min. -B15 

In equation B15, F is the flow through the system. V is the equilibrium 
volume of distribution of the indicator, and is that imaginary volume 

of blood which, at equilibrium, contains the same amount of indicator 

as the whole brain. It is, therefore, neither the total volume of the 


brain nor its blood volume. Thus, 


Quantity of tracer in the whole blood at complete equilibrium 
V= . 


Concentration of tracer in the blood at equilibrium E16 
Since inert diffusible tracers dissolve physically in all the 
various tissue components, having approximately the same solubility in 
1 gram of brain as in 1 ml of blood, it follows that 
(1) V is of the same order of magnitude as the brain volume, 
and therefore much larger than the cerebral blood volume; 
and 
(i171) Variation in the blood volume within the brain does not 
Significantly change V. 


At equilibrium, inert gases are distributed passively according 


to solubility properties only. This means that the ratio 


Quantity of tracer in 1 gm of brain at complete equilibrium _,ml _ 
iain B17 


Quantity of tracer in 1 ml of blood at complete equilibrium 
defines the partition coefficient A, and is practically a constant, with 


a value close to 1.0. 
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From the definitions of V and X (as given by equations B16 and 
B17), it follows, therefore that for a brain of weight W gm, 
_V ml 
A= Wom -B18 


j.e., the solubility ratio between brain and blood (partition coefficient) 

equals the volume of distribution of the tracer per gram of tissue. 
Zierler (92) applied the stochastic theory to the problem of 

measurment of CBF by external monitoring of a radioisotope and showed 

that the mean transit time t of the indicator through the brain tissue 

could be written as the ratio of the area under the clearance curve, A, 

to the initial height H 


a min -B19 


x| > 


This relationship is arrived at by considering the following: 

When an indicator is rapidly injected (spike, impulse, or delta funtion 
injection) into the arterial inflow of the brain, the detector will 
initially detect, within its field of view, all the indicator particles 
which are to be cleared by the tissue. The initial height of the re- 
sulting washout curve, H, corresponds to the total number of particles, 
and the area A of the ensuing clearance curve corresponds to the sum 
of all the transit times of the particles. 

® The aoe transit time represents the weighted sum of all the 
transit times (using as the weighting factor the frequency with which the 


individual transit times occur), i.é., 


where Q(t) is the quantity of tracer remaining at time t, and Onax is 


the total amount of tracer injected (i.e., the peak value). 
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= . Area under washout curve 
Height of the curve 


= Area of externally recorded curve after bolus injection 


Height of externally recorded curve after bolus injection 


Equation BI5 is rewritten as follows: 
t= 


W -B20 


Using the definition of X (as given by equation B18) and defining f as 


the blood flow per gram of tissue, i.e., 
ok 
f = ile 
equation B20 becomes 
r 
 otT -B21 


Combining the two definitions of t, i.e., equations B19 and B21, one 
gets that 
A_dX 
tae 
or 
f = Me m1/gm/min 
In terms of conventional units expressing rCBF as the flow through 100 
gms of tissue per minute, this becomes 
rCBF = 100 m1/100/gm/min at fragee 
This equation enables a quantitative measure of blood flow per 
unit weight (100gm) to be obtained without it being necessary to 
estimate the weight of the brain, and having only information regarding 
the volume of distribution per gm of tissue, i.e., A. 
The principal difficulty in employing equation B22 for CBF 


measurment lies in the determination of the area under the curve, which 


necessitates either collection of data up to infinite times (which is 
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impossible in practice), or an extrapolation of the data beyond the 
finite time of observation. This extrapolation has been performed by 
plotting the clearance curve on semi-logarithmic paper and estimating 
the "half-time" of the "tail" portion of the curve. Then the extra- 
polated area from 10 (or 15) minutes to infinity is given by the product 
of the height of the curve at 10 (or 15) minutes and the quantity 


ts tail. 
0.693 


Without utilizing such an extrapolation procedure, a 10 minute 
washout curve yields values of CBF which are in moderate overestimation 
(approximately 10%) of the true CBF. 

(c) Initial-Slope-Index Analysis 

An approximation of CBF may be derived from the logarithmically 


'33y6 clearance curve (93,94). The basic 


recorded initial phase of the 
premise underlying the initial-slope-index of CBF measurement is the 
observation that the grey substance dominates the initial portion of 
the clearance curve. This dominance is so marked in the first one or 
two minutes that the washout of tracer can be expressed, at least in 
this period of time, as a monoexponential function. 
The monoexponential clearance curve of an inert gas from a 
tissue is described by equation Bd: 
C(t) = C(0) exp (= t) -B23 
Once again, in equation B23, C(t) is the concentration of the tracer 
in the tissue at time t, C(O) is the initial concentration (maximum 
height of the clearance curve after a delta function injection); f 


represents the blood flow (in ml/gn/min) A, the tissue:blood partition 


coefficient (in ml/gm); and t, the time (in min). 
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Taking the logarithm (base e) of equation B23 and then 


differentiating with respect to time t, one gets 


—h 
! 
1 
/ 
= 
=>) 
G&S 
~“- 
ct 
—— 


da ml/gm/min -B24 
where ais the numerical value of the slope of the logarithmically 
recorded clearance curve. Converting from natural logarithms (base e) 


to logarithms (base 10), equation B24 becomes 


th ‘tad 
f =-\A2n10 at 


=DALn10 + ml/gm/min 


tog C(t) 


D is the numerical value of the slope in the logarithm (base 10) scale, 
and 2n 10=2.30 converts natural to base 10 logarithm. 
Thus, an estimate of CBF is given by 


ml/on/min -B25 
133 


=e. GUA D. 


as g initial 


X_ being the partition coefficient of the Xe between blood and the 


Gg 
grey matter of the brain. Once again, in conventional terms, rCBF is 
given by 

rCBF m1/100 gm/min -B26 


initial 


isi. ere O30 


III. STUDIES ON CEREBRAL VASOSPASM 

Although it had been hypothesized that cerebral vasospasm was 
a causative factor in the pathogenesis of disorders such as epilepsy, 
migraine, transient hemiplegia, aphasias and other temporary neuro- 
logical phenomena as early as the beginning of the last century, 
research on the reactivity of the cerebral vessels was not performed 


until 1866. At this time Schultz (95) demonstrated vasoconstriction 
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in pial vessels on electrical stimulation. Apart from this work, 
little interest was taken in this field until Florey (1925) reported 
pial vessel spasm in cats by direct mechanical and electrical 
Stimulation. Florey's work was reproduced and confirmed with photo- 
graphy by Riser and his associates in 1931. | 

Echlin (96) was the first investigator to systematically study 
the reactivity of the superficial arteries of the brain. He noted that 
the larger arteries were more refractive to mechanical and electrical 
stimulation and a definite species difference in the reactivity of the 
pial vessels was present. More important, Echlin demonstrated using 
thermoelectric blood flow recordings and intravital staining techniques 
that vasoconstriction produced ischemia in. the cortical areas distal 
to the induced vasospasm. This vasospasm was refractory to topical 
application of acetylcholine and amyl nitrate and to inhalation of 
carbon dioxide. Echlin, like Florey, proposed that induced vasospasm 
was independent of a neurogenic mechanism. 

Lende (97) studied cerebral vasospasm induced by mechanical and 
electrical stimuli and found a gradient in vessel reactivity with spasm 
being more pronounced in the larger arteries. He postulated that spasm 
was not mediated by autonomic fibers since the response was unaffected 
by sympathectomy or nerve blockade. Several pharmacologic agents were 
topically applied to spastic vessels, and of the various drugs listed, 
Phentolamine was found to be most effective in preventing the induction 
and in relieving spasm. Carbon dioxide failed to prevent induction 
of cerebral vasospasm. 

Further observations that the larger vessels of the circle of 


Willis in cats, dogs and monkeys contract vigorously on mechanical 
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stimulation have been reported by Pool (98), Raynor (99) and Corday 
(100), Vasospasm of the larger branches of the circle of Willis in humans 
has been frequently observed after mechanical stimulation during cerebral 
operations (58,98,101,102,103). However, an important and apparently 
universal observation regarding vasospasm after He ee stimulation 
has been its relatively short duration (rarely beyond 30 minutes). 

Since the advent of clinical cerebral angiographical studies 
the literature on cerebral vasospasm following subarachnoid hemorrhage 
has increased at a remarkable rate but the basic etiology remains in 
doubt. Factors which appear to be of primary importance in the patho- 
genesis of cerebral vasospasm after aneurysmal rupture are generally 


classified into mechanical, chemical and neurogenic mechanisms. 


A. Mechanical Factors 

Ecker and Riesmenschneider (104) in 1951 demonstrated with 
angiography evidence of cerebral vasospasm in 10 patients with recent 
subarachnoid hemorrhage and concluded that the common element in the 
production of pathological vasoconstriction appeared to be abrupt 
traction on the arterial wall. Johnson, et al. (103) offered evidence 
that spasm was produced and maintained by the mechanical effects of the 
subarachnoid hemorrhage. They suggested that after an aneurymsal 
rupture, subarachnoid blood would surround and throw. the suscep- 
tible arteries into spasm by physcial stretch or by pull on attached 
arachnoidal bands. Maintenance of the spasm was effected through 
intrinsic damage to the vessel wall or by a surrounding blood clot. 
Further support for the mechanical hypothesis with respect to the genesis 


of vasospasm came from the studies of Suwanwela and Suswanwela (105) 
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in patients with head injuries. These authors noted that angio- 

graphical spasm of the major arteries at the base of the brain was present 
in only 5 percent of patients. Since the majority of patients with 
traumatic subarachnoid hemorrhage showed no evidence of arterial spasm, 
they suggested that a mechanical stimulus rather than blood in the 
cerebrospinal fluid was responsible for cerebral arterial spasm. 

Echlin (106) suggested that traumatic rupture of the vessel wall 
itself may be an important factor in the genesis of vasospasm. He 
proposed that vasospasm could be due to mechanical irritation or 
sensitization of the vessels after aneurysmal rupture but conceded that 
prolonged vasomotor reflex spasm by vessel injury has not been 
demons trated. 

Recent studies by Arutuinov, et al. (107) have demonstrated that 
cerebral arteries are stabilized within the subarachnoid spaces by 
fibrous structures they termed "chordae." These chordae are surrounded 
by nerve fibers, receptors and pseudounipolar nerve cells and are 
intimately related to nerve elements of the arterial adventitia (peri- 
vascular nerves). These investigators demonstrated intense Short-term 
spasm of the basilar artery in cats after mechanical irritation of the 
surrounding chordae. They proposed that the hemodynamic impact of the 
blood jet streaming from a ruptured aneurysm could stimulate chordal 
and perivascular nerves, causing the development of short-term vaso- 
spasm. However, from these studies the authors concluded that 
mechanical factors did not contribute to the pathogenesis of chronic 
cerebral vasospasm. 

B. Chemical Factors 


(a) Serotonin Studies 
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Because cerebral vasospasm is frequently associated with sub- 
arachnoid hemorrhage after aneurysmal rupture and appears to be slowly 
alleviated as the extravasated blood is absorbed, Raynor, et al. (99) 
proposed that some substance in the blood was the etiologic factor in 
the genesis of cerebral vasospasm. Serotonin (5-hydroxytryptamine), 

a normal constituent of blood platelets, was selected for study because 
of its marked constrictor action on peripheral arteries. Previously, 
Zucker and Borrelli (108) had demonstrated that half of the platelet 
serotonin was released from platelets during coagulation and the 
remainder became available during the next several days. Raynor, et al. 
(109) demonstrated an intense and prolonged spasm of the larger 
arteries in cats after topical application of serotonin. From this study 
they postulated that after a subarachnoid hemorrhage, serotonin was 
released from disrupted platelets during the process of coagulation and 
caused prolonged vasospasm. Support for this hypothesis came from 
Buckel1(110) who demonstrated elevated levels of serotonin in the hema- 
toma fluid surrounding ruptured intracranial aneurysms that were 
associated with arterial spasm in three patients. Karlsberg, et al. 
(111) produced marked cerebral vasoconstriction in monkeys with intra- 
carotid infusion of serotonin with dosages as low as 10 mg/kg/minute 
for 5 minutes. The vasoconstrictor response to serotonin infusion was 
abolished by prior intracarotid administration of methysergide (a 
potent serotonin antagonist). Furthermore, methysergide partially 
reversed the serozonin induced vasoconstrictor effect when infused in 
high concentration. Brawley, et al. (112) consistently produced vaso- 
constriction of the internal carotid artery in dogs after injection of 


serotonin into the carotid circulation. Pre-treatment of the animals 
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with methysergide completely blocked the arterial response to serotonin. 
In addition, when methysergide was administered after serotonin, the 
induced vasoconstriction was reduced but not completely ameliorated. 
However, methysergide did not appear to produce a beneficial effect 
on induced chronic vasospasm and it was proposed that serotonin was 
probably not the etiologic agent producing chronic cerebral vasospasm. 
Echlin (113) was first to demonstrate that the application of 
autogenous blood against the walls of large cerebral arteries produced 
intense vasoconstriction. This phenomenon has been confirmed in dogs, 
cats, rabbits and monkeys. Echlin concluded that, although topical 
application of serotonin frequently resulted in intense vasospasm, it 
was less marked than that caused by application of fresh autogenous 
blood. Kapp, el al. (114) studied various fractions of blood and 
reported the isolation of a vasoactive substance from feline platelets 
which produced marked constriction of the basilar artery upon topical 
application. Arterial constriction by this polypeptide was of greater 
magnitude than constriction produced by either serotonin or angiotensin. 
Renewed interest in serotonin as the etiologic agent respons- 
ible for the propagation and maintenance of cerebral vasospasm after 
subarachnoid hemorrhage has been stimulated by the investigations of 
Zervas (115) and Allen, et al. (116). Zervas demonstrated prolonged 
intense angiographical vasospasm of the basilar artery by injection of 
autogenous blood into the cisterna magna in dogs. When the animals 
were first reserpinized and autogenous blood injected, minimal vaso- 
spasm occurred. Furthermore, in reserpinized animals which received 
normal homologous blood, severe vasoconstriction was demonstrated. 


These studies indicated that blood placed in the subarachnoid space of 
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dogs did not cause significant spasm when the blood donor received 
reserpine previously, whereas blood from untreated animals caused 
Significant vasoconstriction whether or not the recipient animal had 
received reserpine. Results of the study suggested that the factors 
primarily disposing to vasospasm were contained in the blood of the 
donor and could be blocked by treating the donor with reserpine. The 
effect of reserpine in preventing arterial spasm was on blood factors 
rather than on the nervous elements. In a more recent study, Zervas, 
et al. (117) presented evidence that prevention of cerebral vasospasm 
induced by subarachnoid hemorrhage occurred only when blood serotonin 
was markedly reduced by either oral kanamycin or reserpine. 

Allen et al. (116), in a comprehensive in vitro study, 
determined the contractile activity of various vasoactive agents on 
segments of canine cerebral arteries placed within a small volume 
chamber. Agents studied included serotonin; prostaglandins Al» Ey 
and Fog} noradrenaline; adrenaline; histamine; bradykinin; and postassium 
chloride. Cumulative dose-response curves were obtained for the 
agents tested and it was concluded from these curves and known con- 
centrations in blood that serotonin and prostaglandin E were the chemical 
regulators which, along with the viipseheb le nerves, control flow under 
normal physiologic conditions. However, only serotonin produced a 
maximal contraction at a concentration known to be present free in 
clotted blood. From this initial study, it was concluded that serotonin 
was the agent in blood responsible for the cerebral arterial spasm that 
follows a subarachnoid hemorrhage. 


In a subsequent study using the same in vitro method, the 


contractile activity of human serum and post-SAH cerebrospinal fluid on 
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the canine basilar artery was tested. With chromatographic studies 

it was demonstrated that the majority of contractile activity in the CSF 
samples (collected 2 to 7 days post-SAH) was due to serotonin. 
Methysergide reversibly blocked the contractile response of serotonin 
and serumbut not the activity of prostaglandin Foyt In addition, 
phenoxybenzamine irreversibly blocked the contractile response of 
serotonin, serum and post-SAH CSF, demonstrating that serotonin played 

a major role in the production of cerebral arterial spasm after SAH. 

In their concluding in vivo canine studies it was demonstrated 
that physiologic concentrations of serotonin when injected intracister- 
nally, caused cerebral arterial spasm that lasted for at least 3 hours. 
Comparable spasm was produced by injection of blood containing 
approximately the same amount of serotonin. Phenoxybenzamine reversed 
both the spasm produced by pure serotonin and that produced by blood. 

From these detailed studies the authors proposed that cerebral 
vasospasm was related directly to the amount of free serotonin present 
in the CSF and within the clot surrounding the cerebral arteries after 
SAH. Prolonged vasospasm was caused by gradual release of serotonin 
bound in platelets (both within clots and suspended in CSF) over a 
period of several days as the clots lyse and the suspended platelets 
break down. 

(b) Prostaglandin Studies 

The prostaglandins (PG's), a family of naturally occurring 
structurally related’ hydroxy and hydroxy-keto unsaturated carbonylic 
acids, were first independently studied by Goldblatt (118) and von 
Euler (119) in 1933 and 1934. Bergstrom and his co-workers (120) 


isolated and chemically characterized the prostaglandins. Today the 
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prostaglandins comprise at least 13 related compounds and are subdivided 
into groups designated by the letters E,F,A,B,C,D. 

Numerous recent studies have revealed that prostaglandins are 
present ubiquitously and exert potent pharmacological actions on 
different organs and tissues. Although the precise roles of prosta- 
glandins in health and disease remain uncertain, it appears that they 
may modulate local biochemical functions as well as regional circulations 
and may influence the physiological functions of hormones ne neuro- 

transmitters. 

Prostaglandin Ey has been shown to directly depress the smooth 
muscle of resistance type arterioles, causing vasodilation (121,122). 
Denton, et al.(123) assessed the cerebral vascular responses in dogs 
and monkeys to PGE), PGA, and PGF. by means of a standard perfusion 
technique. Prostaglandin Ey depressed cerebrovascular tone in the dog 
but not in the monkey, whereas PGF oY caused a marked vasoconstriction 
of cerebral vessels in both species. These workers postulated that 
prostaglandins may influence physiological and pathological cerebro- 
vascular phenomena and under some circumstances prostaglandin Foy may 
play a significant role in protracted vasospasm and prostaglandin E 

in its eventual lysis. In a subsequent study from the same laboratory 
(124) an angiographical analysis of experimental cerebral vasospasm 
was performed in dogs. A statistically significant difference was 
found between the incidence of vasospasm obtained with injection of 
blood alone (33 percent) and vasospasm induced with blood and prosta- 
glandin Fo (92 percent). In addition, cerebral vasospasm was demon- 
strated with intracisternal injection of prostaglandin Poy alone, 


whereas prostaglandin E, had no effect on arterial reactivity. These 
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findings correlated with Denton's hypothesis and suggested that prosta- 
glandin Foy may play a role in the genesis of cerebral vasospasm seen 
clinically after subarachnoid hemorrhage. 

Steiner, et al. (125) studied the effect of intracarotid injection 
of prostaglandin E, on cerebral hemodynamics in patients suffering from 
Subarachnoid hemorrhage and all presenting with angiographical evidence 
of vasospasm. Arterial diameters (angiography), cerebral blood flow 
('33xenon technique)and circulation times were measured after administr- 
ation of prostaglandin Ey. Arterial spasm and cerebral hemodynamics were 
not influenced by prostaglandin E,- Pelofsky, et al. (126) studied the 
effects of intracarotid injection of prostaglandin E, upon carotid 
blood flow and cerebral arterial caliber (angiography) in three baboons 
Subjected to subarachnoid hemorrhage. In this small series, prostagland- 
in E, relieved cerebral vasospasm and increased carotid artery blood flow. 

Yamamoto, Feindel and their associates (127) studied the effects 
of prostaglandins Ey and Foy on the cerebral circulation in dogs by 
fluorescein angiography, measurement of micro-regional cerebral blood 
flow ('33yenon clearance technique), and by measurement of exposed 
epicerebral vessels. Intracarotid injection of prostaglandin E (0.5 
mg/min) caused a vasoconstriction of the small epicerebral arteries 
(less then 700u diameter) and significantly reduced regional cerebral 
blood flow. The intense vasoconstriction was abolished by addition of 
ethanol to the prostaglandin E, solution. Intracarotid infusion of 
prostaglandin Foy (25 mg/min) produced a selective vasoconstriction in 
epicerebral arteries(less than 200u diameter) and a moderate reduction 
in regional cerebral blood flow. These findings indicated that 


prostaglandins E and Foy , rather than being possible therapeutic 
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agents for alleviation of cerebral vasospasm as suggested by earlier 
studies, were most probably involved in the pathogenesis of vasospasm, 

At the present time, the controversy regarding the fundamental 
actions of prostaglandins has not been resolved. Factors responsible 
for the discrepant conclusions include: (i) species JaPraeiwies (ii) 
anatomical variations of the carotid and intracranial arterial system, 
(iii) variation in surgical preparation, (iv) routes of administration 
of drugs, (v) dosage variability, (vi) single injection opposed to 
continuous infusion of drugs and (vii) techniques utilized to monitor 
cerebral perfusion. As stated in the Lancet Editorial (128): "If the 
chemistry of the prostaglandins seems complicated, the number and 
diversity of their reported actions may leave the uninitiated gasping." 

C. Neurogenic Factors 

The role of the autonomic perivascular nerve plexuses in the 
genesis of cerebral vasospasm remains to be fully elucidated. Histo- 
chemical and electron microscopic techniques have confirmed the presence 
of noradrenergic and cholinergic nerve fibers within the adventitia of 
larger cerebral arteries. Furthermore, the presence of alpha- and 
beta-adrenergic receptor sites in the cerebral vascular bed in various 
species of animals has been indirectly confirmed by adrenomimetic 
perfusion studies (129, 130, 131). 

Fraser, et al. (129), using the catecholamine fluorescent 
technique, demonstrated a marked reduction or complete absence of 


catecholamine fluorescence in the periarterial nerves after cerebral 


vasospasm was induced by application of autogeneous blood to the vessels. 


These findings suggested the possibility of noradrenergic mediation of 


cerebral vasospasm. Pharmacologic depletion (tyramine) of the 
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noradrenaline stores of this plexus produced a dilated vessel but 
blood-induced spasm was not prevented. Alpha-adrenergic blockade 
(phenoxybenzamine) at the receptor prevented the induction of vasospasm 
by blood and reversed induced spasm. These data suggested that cerebral 
vasospasm may be produced by substances acting at the alpha-adrenergic 
receptor of the vessel wall and that blood contains a vasoconstrictor sub- 
stance capable of acting at the receptor site. Peerless and Yasargil 
(29) demonstrated the depletion of cetecholamines in the periarterial 
nerves in rabbits subjected to subarachnoid hemorrhage. It was noted 
that in surviving animals the fluorescence intensity in the varicose 
terminals did not return to normal control levels for up to 3 weeks. 
Wilkins (132) studied the effect of parenterally administered phenoxy- 
benzamine on vasospasm induced in dogs by injection of whole blood into 
the chiasmatic cistern. Intracarotid infusion of the vasoactive agent 
was found to be more effective in reducing vasospasm than intravenous 
administration, but was accompanied by a high mortality rate. 

The capability of alpha-adrenergic blocking agents to prevent 
or alleviate cerebrovascular spasm produced by application of blood to 
the basilar artery in cats was investigated by Flamm, et al. Glgaye 
Intravenous phenoxybenzamine was effective in preventing spasm, 
provided at least one and one half hours elapsed prior to application 


of blood. Topical application of the drug prevented spasm and also re- 


lieved the induced spasm. 


Preliminary clinical studies have been undertaken to stuay the 
efficacy of alpha-adrenergic blocking agents in the treatment of patients 
with cerebral vasospasm. Cumming and Griffith (134) administered 


phenoxybenzamine by intracarotid injection in patients with severe 


on \! : 
ace a Ms ti 

sith & Haayband eis te ares Beas 

ee "f fs i ¥ 

] , Pi 7 ie > R 

on ‘ ~* ies - "sa 

= a 

FAL ae 
* 4 keene Y 
i ’ A, one . 
Vi e 
ear 4 x 
: \ ta REager ease e 
= 
( hy | 
: 5 m fe Pont PTET 
I 
is #1 ew 
a — 
, {x i fia DIX ce 2a dl 
‘ aad ay) MS) A 
ea f ie A 7 = 
a 14 ns 
| > i ¥ ’ ese pe cm 1 eat 
5 : — : j et ra 2 
P  ahae 
Oui to5 1 ied 5 8 “ ed es 
a buf, pie 4 \ ni n 
: » igh oars ae aus Sh > A 2 : 5 
VXORSIs Dewst 2 in Th TI ENEZISTSG SO) JOSS EN § aap Aol 
J ; : — 4 | a i Y 


> * ms “ 3 
. t SHE FLA, Vo FUREY OT POWEDE Ea 3 
uF 2 ay 
id ’ » i i - ? 
ao) vo ee me 
( s } a ’ 4} ” tes vie 4 1S : 
4 2 - —al te " 
ao Oy mbar vue barman: j Ra wees 
< ay y 


rapversy 2 2tnaph paiAsyIA ate ahr ii Bia ‘No FE 
W. : : i " i) 
7 Oodid nrseol Eas Vo Od “ig einhal? va faaa ax we i. 
{ wi 
e f a ' | A 19 * mis: 7 %, . rsntadata 2h wv ca na ali von 


ca 
. | oh ae 
. (The. BAT SNavath ith Sv ee Foy! anti i “om a 


, 


its 


ait | 


athe a ih Be > hit, Tish en ithe a iis 
rave 


We Ge ba: iisve ve oN, ‘ola’ 7 Hoy svg 
; - ; 


Pass Wohl aac ae 
? 
ih Okay 


vi > 
o-be wert AL nde (Wr > Cag 


e hat 
ay 
fae ty ini id a 


40 


cerebral arterial spasm and reported a rapid improvement in their 
neurological deficits. Impressed by their preliminary findings, these 
investigators have administered phenoxybenzamine routinely after 
aneurysmal clipping procedures. No deleterious effects from the 
medication have been encountered. Takamatsu, et al. (135) reported 
two patients in whom severe vasospasm was reversed by intracarotid 
injection of phenoxybenzamine. 

Contrary to the above clinical investigations, Handa, et al. 
(136) were unable to reverse cerebral vasospasm in two patients with 
Subarachnoid hemorrhage by intracarotid phenoxybenzamine injections. In 
their third patient with vasospasm, phenoxybenzamine caused a marked 


Tee xeneh clearance 


decreased in cerebral blood flow as determined by the 
method. 

Because the etiology of cerebral vasospasm has not been fully 
elucidated at the present time, the treatment of pathological vaso- 
constriction remains unsatisfactory. Clinical and experimental invest- 
igations of intracranial arterial spasm must all be interpreted with 
caution and the following criteria, as outlined by Wilkins (132), must 
be considered: 

(i) Similar stimuli produce different arterial responses in 
different species, thus results of animal experimentation 
cannot be directly applied to man. 

(ii) Intracranial spasm appears to be biphasic in nature. 
The mechanisms responsible for the acute phase may be 
different from those causing chronic spasm. Success in 


preventing or ameliorating one phase may be unsucessful 


in affecting the other phase. 
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(iii) An exact reproduction of human subarachnoid hemorrhage 
has not been developed. 

(iv) Cerebral arterial spasm can be produced by various 
stimuli, each apparently having a different mechanism. 

(v) Current angiographical techniques are not eae of 

detecting changes in the cerebral microcirculation. 

(vi) Cerebral arterial spasm may represent a protective © 
mechanism and attempts at treatment of spasm may be 
harmful under certain circumstances. Furthermore, 
pharmacologic vasodilatory agents may cause systemic 
hypotension and reduction in cerebral perfusion, 
especially when cerebral autoregulation is impaired. 

As well, arteries and arterioles in an ischemic area may 
respond differently to drugs and gases than those in a 
normal area. 

Even with the limitations and precautions outlined above, 
certain agents do appear promising in experimental and clinical studies. 
Howev2r, a more systematized experience is required with chronic animal 
experiments and then with humans, employing various drug dosages, dosage 


schedules and routes of administration. 
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CHAPTER THREE 
MATERIALS AND METHODS 


IT. ANIMAL PREPARATION 

Juvenile and adult female rhesus monkeys (macaca mulatta) 
weighing between 2.0 and 4.5 kilograms were utilized in the entire 
study. In the initial experiments (study A), sedation was achieved 
with intraperitoneal sodium pentobarbatal (30-75 mg/kg) and in the 
subsequent studies (studies B and C), with intravenous injection in 
doses ranging from 20-30 mg/kg. Flexometallic endotracheal tubes were 
introduced and the animals were ventilated with a Harvard variable 
phase mechanical respirator. Paralysis of the animals was induced with 
intravenous d-tubocurarine (induction dosage 0.9 mg/kg) and maintained 
with additional supplements (0.3 mg/kg) as required. General anesthesia 
was maintained throughout the experimental period with a mixture of 
nitrous oxide (N0) and oxygen (0,) from a reservoir in a ratio of 2:1] 
(1.0 liter No0 to 0.5 liters 0, per minute). 

Body temperature was continuously monitored by an esophageal 
thermometer (tele-Thermometer - Yellow Springs Instrument Co.) and 
maintained between 36 and 38 degrees centigrade by a 250 watt infra-red 
light bulb positioned above the animals. Standard lead electrocardio- 
graphy (Beckman Dynograph (typeR) Recorder) was performed in all 
animals and in several animals, electrical activity of the brain was 
monoitored through eight needle or disk electrodes by an encephalograph 


recorder (Grass model 6 Encephalograph). 
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II. SURGICAL PREPARATION 

Femoral artery catheterization was performed in the 
anesthetized animals and arterial blood samples were immediately 
obtained for pH and blood gas analysis (Instrument Laboratory Inc., 
pH/ Gas Analyzer, model 113). By adjusting the volume output from the 
‘respirator, arterial pH (apH) carbon dioxide (PaC0, ) and oxygen (PaO, ) 
values were kept within the physiological range during surgery. 
Thereafter, arterial pH and blood gas analysis was performed during 
each measurement of cerebral blood flow. Hemoglobin and hematocrit 
determinations, required for CBF calculation, were carried out at the 
onset, midpoint and upon termination of each experiment. Mean arterial 
blood pressure (MaBP) was continuously measured by a pressure trans- 
ducer (Statham (P23Db) Transducer) connected to the femoral artery 
catheter. Maintenance fluids and drugs (d-tubocurarine, heparin, 
atropine and prostigmine) were administered as required through a 
Cannula positioned in the femoral vein, 

A cranial twist-drill hole (1.5 mm diameter) 0.5 to 1.0 centi- 
meters dorsal to the nasion was performed in the animals to be 
subjected to intracranial hemorrhage. Hemostasis was achieved with 
bone wax application and the defect was sealed until the time of 
induction of the intracranial hemorrhage. In several animals a Numoto 
electrical pressure switch (Ladd Research Industries Inc.) for intra- 
cranial pressure measurement was implanted extradurally through a 1.25 
centimeter burr hole positioned immediately lateral to the midline and 
posterior to the coronal suture. Upon implantation, the bone plug 


was repositioned, the defect sealed with dental cement and the scalp 


incision was sutured. 
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Cervical dissection to the common carotid artery bifurcation 
was performed with the aid of an operating microscope (Ziess Instru- 
ment Company) and precaution was taken to preserve the hypoglossal 
nerve and the peri-arterial autonomic nerve plexus. The external 
carotid artery was isolated and doubly ligated immediately distal to 
the origin of the external maxillary (facial) artery. The external 
maxillary artery (largest branch of the external carotid system in the 
monkey) was carefully dissected from surrounding tissues and doubly 
ligated approximately two centimeters distal to its origin. A 21-gauge 
polyethylene catheter was inserted in a retrograde manner into the 
origin of the internal carotid artery. On occasion, internal carotid 
catheterization was facilitated by distal division and mobilization of 
the external maxillary artery. After adequate placement within the 
internal carotid artery (with the aid of fluoroscopy), the catheter was 
secured with a ligature around the proximal segment of the external 
maxillary artery, The catheter was connected to a three-way stopcock 


through which heparinized normal saline was slowly infused. 


III. METHOD OF SIMULATING INTRACRANIAL HEMORRHAGE 

Prior to the induction of subarachnoid hemorrhage, a circum- 
ferentially beveled, gauge 19 spinal needle was carefully inserted 
(under fluoroscopy) along the floor of the anterior fossa into the 
subarachnoid space dorsal to the planum sphenoidale or into the 
chiasmatic cistern. Adequate placement of the needle was confirmed 
with return of clear cerebrospinal fluid (CSF) after removal of the 
needle stylette. With the needle secured to the skull by a screw device 


a CBF and angiographical study was routinely carried out to determine 
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the effect of needle insertion on cerebral perfusion and intradural 
arterial diameters. Subarachnoid hemorrhage was induced by manual 
injection of four milliliters of fresh autogenous arterial blood under 
constant pressure over a twenty-second interval. Subdural hemorrhage 
was induced by the same procedure, except that blood was injected into 
the pre-chiasmatic subdural space. Following intracranial hemorrhage 
induction, post-hemorrhage CBF studies were begun within three minutes 
and followed by angiographical studies (approximately twenty minutes 
post-hemorrhage). Thereafter, CBF studies were performed at approxi- 
mately thirty-minute intervals for a three-hour period while additional 
angiographical studies were performed at ninety minutes and upon 
termination of the experiments (3 hours). 


133 


IV. HANDLING AND DISPENSING XENON 


133 enon gas, an inexpensive and readily available radio- 
chemical with a half-life of 5.3 days, was obtained at weekly intervals 
in break-seal vials (1.0Curie) from the Oak Ridge National Laboratory 


f 133 enon was 


(Oak Ridge, Tennessee, U.S.A.). Since the aqueous form o 
required for intra-arterial CBF determination, a special handling and 
dispensing system with a high transfer efficiency (nearly 99 percent) 
was constructed in our laboratory (137). During the transference of 
1.0 Ci gaseous 133y enon into aqueous solution, a procedure requiring 
five to eight minutes, the maximum radiation dose to the operator at a 
distance of one meter was approximately 1 mR/hour. Dispensing of 
individual doses of aqueous 133 enon (0.5 to 3 mCi) required approxi- 


mately one minute and involved no direct handling of unshielded 


activity. Glass syringes were routinely utilized for dispensing the 
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133 enon solution and these were immediately placed inside lead tubes. 


¥. ADMINISTRATION AND DETECTION OF THE RADIOISOTOPE 


133 yenon intra-arterial 


Cerebral blood flow was measured by the 
injection (residue detection) method developed by Lassen, Ingvar and 
their associates. 

In study A (determination of partial hemispheric blood flow 


¢ 133 


(pHBF)), 0.5 to 1.0 millicurie o Xenon, dissolved in 0.5 milliliters 


sterile saline, was injected over a 2 to 3 second interval into the 


133 yenon from the brain was 


internal carotid artery. The clearance of 
Simultaneously measured for eleven minutes by two 2.54 centimeter 
diameter, 1.27 centimeter thick, integral line sodium-iodide-thal lium 
activated crystals placed symmetrically over the right and left parietal 
regions (Harshaw Chemical Co.). These scintillation detectors were 
collimated with cylindrical lead tubes, 11 centimeters long and 1.50 
centimeters thick. The inner diameter of each collimator was 2.54 
centimeters. The isoresponse curve for the collimated detector, 

133 


determined with a point source of Xenon in water is shown in Figure 


3. 

The signal output from each detector (sampling time of 4 
seconds) was amplified, analyzed and stored via multiplexed high speed 
time-sequenced inputs (buffered device) into a 400-word magnetic core 
memory. The electronic circuitry of the system is illustrated in 
Figure 2. Punched paper tape data output from the 400-word memory 


allowed immediate access to calculated flows via an on-site laboratory 


digital computer (Hewlett-Packard 2116B computer). 
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Background radiation (remaining activity) was recorded for a 
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Figure 1: Collimated isoresponse curves with a point source of 133xenon in water. Isocount 
contours at the 75, 50, 25 and 10 percent response levels. 
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two-minute period and a calculated mean value was subtracted from the 
washout curves prior to computer calculation of partial hemispheric 
blood flows. 


133\, were 


In studies B and C, regional clearance rates for 
measured by a six-detector scintillation counter assembly constructed 
in this laboratory. The detector system (figure 3) was designed to 
record the radioactivity in each of five discrete cylindrical volumes 
of unilateral brain tissue, with the sixth detector recording radio- 
activity in the unilateral orbito-maxillary tissues (Figure 4). Each 
scintillation counter comprised of 0.60 centimeter diameter, 1.25 
centimeter thick sodium-iodide-thallium activated crystal (NaI(T1)) 
coupled to a 1.25 centimeter diameter photomultiplier (Phillips XP 101) 
with a truncated plexiglass light guide (Figure 5). The detectors, 
Spaced at a distance of |] centimeter from each other, were mounted in a 
Stainless steel collimator block with a front face of each crystal 
recessed 7.5 centimeters from the block face. An additional 1.5 centi- 
meter lead collimator applied to the block face ensured measurement of 
radioactivity from discrete volumes of brain tissue. The isoresponse 
curves for two adjacent collimated detectors are shown in Figure 6. 

Pulses from each detector were amplified and then input to 
single-channel analyzers which accepted pulses equivalent to the energy 
range 70 to 90 Kev, The output from each single-channel analyzer was 
recorded in a high speed buffered scaler which read out onto a seven 
track digital magnetic tape. A sampling time of four seconds was 


utilized and the data was processed by an on-site HP2116B digital 


computer, Partial hemispheric blooa flow from the contralateral 


parietal area was simultaneously measured by the method described in the 
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Figure 3: Six detector scintillation counter system. 


sb 


» 
“y 


if 


t 
‘ 


s 
2 
= 
“es 
Lt 
S 
Oo 
E 
% 
2 
BS 
2 


Figure 4:Lateral cerebral angiogram showing scintillation detector placement. 
Detectors 1, 2, 3 and 5 measure rCBF from the frontal, central, parietal and 
temporal areas of the brain. Cerebellar and orbito-maxillary perfusion is measured 


by detectors 6 and 4 respectively. 


ae 


' rh | 
oi 
an A 


rem eta yorpsivt 
tre Se teaEnteRy HAIRYS 
oviien an a mujieuhaq y 


P 


F one ng 


rel ier 


wih, | ayDeyor a7 pvigia 2 Uren 
Sfuyed wt, isent 58 iy) agegeny & o 


Bien. Die bie “ ot 


52 


“(MAIA JOMUAdNS) WaSAG JOJOaIEpHINW :G aunBi4 


38Nl YaltdILINWOLOHd TWLSAYD (1 LIEN 


= [ a 
Gieeeneny 
| Sa A 


(—_c_+ ei 
Y 


aQIND LHONM IXa1d 


LL 


SYOLDANNOD 


Q1aIHS 1331S SSFINIVLS 
SLNAJNOdWOD JINOYL9313 


levels. 


cad 
fe 
— = 7 - a _ : - 
i 
' 
' 
: 
7 
{ 
~ } 
a 
~ of 4 
? 
' / 
1 ae { 
’ 
| \ 
j - 
! i 
—7 all 4 ‘ye 
.\ a 1 ai 
‘ wat 5 
wh AN \ 
f a 
‘ . "-4 | 
WANG By | 
WS 4 
AN AW 
A, OWT | 
ao WAN 
re | 
F Ly i) 
aS 
." ASS “ 
AA WAA) & 
\ . \ 
é aad etnies Geen 44 yy 
K\ + Ae 
A 
‘ ’ i ‘ ) \ i 
7 ‘ \ ‘ 
: m~ 
i yt ae La Yi 
) 
4 Ly 


« a ed 7 4 
Pafoaieh * i a AL tel LL Gariilie — LTrnd jit Ove a vi wo : ~~ 7 
nr - 


asain OF Bre LU 25 fe O€ it se Nair cbs 
ne 


re a 
users 5 
nh Sd | 


4 


initial study. 

Correct placement of the multidetector system was achieved by 
applying a plastic template (with six radiopaque circular markers with 
identical diameters as the detectors) to the lateral surface of the skull. 
Manipulation of the monkey's head under fluoroscopy ensured adequate 
positioning of the multidetector system (Figure 4). 

Regional cerebral blood flow was measured from the washout 
curves after internal carotid injection of 3.0 to 3.5 mCi 133y, 
dissolved in 0.25 to 0.5 milliliters sterile saline. Ipsilateral 


V33y0 was minimized by ligation of 


extracerebral contamination with 
the external carotid artery. Mean hemispheric blood flow (mHBF) was 
determined by averaging flows from the four supratentorially placed 


detectors (probes 1, 2, 3, and 5). 


VI. CALCULATION OF CEREBRAL BLOOD FLOW 

Cerebral blood flow was calculated by the biexponential 
(compartmenta]) stochastic (height over area) and the initial-slope- 
index methods for the biological clearance curve. A detailed discussion 
of the three methods of CBF calculation has been presented and will only 


be reviewed here. 


In the compartmental analysis, it is assumed that the semi- 


logarithmic replot of the clearance curve of V33y6 can be represented by 


two exponential components. From these two phases, blood flow in the 
grey (f,) and white (f) matter are determined from the intercepts of 
the two slopes at zero time. Knowing the perfusion rates and the 

relative weights of each tissue, the weighted mean blood flow for the 


cerebral tissue under observation can be calculated from the equation: 


aT 

- 
ri} 
} 

=f 

vé DDG 
i] 

ay j 


j 
rea) 


fit woi? boalq yz aunty .*) pre 


FO. 229994547} ait) 


¥ 


4 Sn One 


‘i OF 2h) bisa 


; | Tir Sou 
Ap | > Aah i 
: <i \ a aii 
hose Pies utr ba 
\ aa 5 7 
me S ; aie 
2 ne Nh , ; ie T 
2vz yYolosossbioium,. Gad ta Snes fe 
} = mM 7” 
° i * * Pky Be Oak | aide .Y - . 
Ta supso0 they ke ate) | Sere ae wade oy 
ea ae sy 
g ¥ a > re 4 Las = r 
ie i 
; ‘ ‘ 3) yet : 
“ , ay 
2, 
4 AW: it hk 
, 1) tee Pe 
ros 
: 2 ¥ PPPT eta ‘ 
y ii eo", zy bia OT 
" o : f 
oT ar , d nS 
iD Senda tier, hh SYNGE aS: oe wit 
" : 0 
fanqhe..\heT splines? yty aptgeots ne 
\ ¢ 
a f f +i 
, a Pee i} aia 
AG af et! ak. := y 
A be 
" al ep 


wi ane tt fe Sane 
Std a me Li Fees Btu e 3 ay vs 
mal 7 


be iy Shy bis | sane Bi cian ns Pant aver 
; ret a 
ty = $e h\ oar th! ' & shad et u Aah ica’ 
is naZae aioe 3 Gri te: ha 7 Ad! ‘no we rt 
{ aU ay 
- 
‘ H DWE tf & ei elvis: at i is Be iy f 
eae rar a. oa pile 
aesv9ay ad hea ak +H aig! ne tots oaly pyr 


wom bat dag 
* alt 
_ ann ny 


Bai i ee 


i = Wa ° - + Wy ° i m1/100gm/min -B14 
The stochastic method formulated mathematically by Zierler can 
be applied to calculate the mean flow values from the linear washout 
curve according to equation B22. 


(Hy - HyQ) * © 100 m1/100gm/min  -B22 


Me AX - Background 


where Ho corresponds to the total number of indicator particles to be 
cleared and Hi the level of the clearance curve at 10 minutes. Axo 
is determined by integrating the counts recorded during 10 minutes and 


133 


A denotes the mean tissue: blood solubility coefficient for Xenon, 


The initial-slope-index (ISI) method utilizes the calculated 
Slope of the first 1.5 to 2.0 minutes of the logarithmic clearance 
curve. An estimate of the mean CBF can be readily determined using: 


= 00s 2.530 0. ml/100gm/min -B26 


SI initial 
where Ng corresponds to the '33yenon partition coefficient of grey 


rCBF 


matter and D represents the numerical value of the slope of the curve. 

Because of the profound influence of carbon dioxide on cerebral 
perfusion, particular care was taken to maintain PaC0, levels within the 
physiological range (40-45mm Hg) during steady state studies. Both 
uncorrected and corrected flows for PaC0, were calculated. For each 
millimeter eenae in PaCO,, a correction factor of 2.5 percent for CBF 
change in the same direction was incorporated into the computer program 
(138). In the post-hemorrhage period, special care was taken to keep 
Palo. values near 40 mm Hg since the effect of cerebral apoplexy on 
carbon dioxide responsiveness has not been adequately determined. 

The partition coefficient for 1336 in the grey and white 


matter was calculated according to the method of Veall and Mallett (139) 
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133 


uSing the solubilities of Xe in the grey and white matter of 


baboons (25). Since the hematocrit influences the solubility coef fi- 


cient of 133 


Xe in whole blood and the blood-brain partition coefficient, 
a correction equation as described by Veall and Mallett (139) was 
incorporated into CBF calculation. Hematocrit determinations were 
routinely performed at the onset, midpoint and upon termination of 
each experiment. A mean partition coefficient for the brain was 
calculated on the basis of a 52:48 grey to white matter ratio as 
determined for the baboon brain by James (25). 

The calculation of CBF presupposes that the recorded clear- 
ance curve represents a single transit of the tracer and that the tracer 
does not recirculate to the counting field. Even though the lungs 
function as an effective filter for inert gases with low solubility 


133y, is cleared during the first passage through the 


(90 percent of 
lungs and the remaining 10 percent is distributed in the total cardiac 
output with only 14 percent of the recirculating activity distributed to 
the brain) recirculation does occur. However, only in the presence 

of gross pulmonary insufficiency or with a rebreathing ventilation 
system does recirculation become a significant factor in CBF determina- 


133 


tion (138). In.the present experiments, exhaled Xe was removed by a 


hose at a slight negative pressure to the respirator. Correction for 


recirculation was not performed. 


VII. ANGIOGRAPHICAL STUDIES 
Cerebral angiographical studies were performed in control and 
experimental animals in studies B and C by forceful injection of 1.0 


to 1.5 milliliters Meglumine iothalamate (Conray 60) into the internal 
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carotid artery. Only lateral angiograms were obtained and care was 
taken to maintain magnification factors constant during each experiment. 
Angiography was routinely carried out after completion of a cerebral 
blood flow study. | 

Angiograms showing the arterial phase most distinctly were 
selected for measurement studies. Only the large intradural capacit- 
ance arteries, i.e., intradural internal carotid (IDICA), middle cerebral 
(MCA), proximal pericallosal (PCA), and distal pericallosal (DPA) were 
measured (Figure 7). Arterial vessel (intra-luminal) diameters at 
predetermined fixed locations were measured with a micrometer (Vernier 
calibrated) lens system positioned at a fixed focal distance from the 
film (Figure 8). Usually three to five films from each angiographical 
Sitting were selected and the vessels of each film were measured three 
times. The mean diameter value (and standard deviation) for each 
artery was therefore obtained from nine separate readings and this 


value was utilized for statistical analysis. 


VIII. MEASUREMENT OF INTRACRANIAL PRESSURE 

Intracranial pressure (ICP) was continuously measured in 
several animals by a Numoto electrical pressure switch implanted 
through a burr hole into the extradural space. The calibration and 
intracranial pressure measurement systems are demonstrated in Figure 9. 

Prior to implantation, the recording system was calibrated (in 
millimeters mercury) with a manometer. With the pressure switch in 
air, Calibration to a atmospheric pressure (baseline zero value) was 
rapidly achieved by manually altering the quantity of water (via 


syringe A) within the external manometric reservoir and maintained 
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Figure 7:, Lateral angiogram showing predetermined fixed locations of arterial diameter 
measurement. 
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Figure 8: Micrometer lens system (vernier calibrated). 
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(via syringe B) by reversible servo-unit-motor mechanism. After air- 
tight implantation of the pressure switch, intracranial pressure was 
continuously measured by the reversible servo-unit-motor mechanism. 
During induction of intracranial hemorrhage, the apparatus was manually 
operated (via Syringe A) and large rapid changes in ieeecnes pres- 
sure were measured. Thereafter, the system operated automatically. 

At the termination of each experiment the zero (baseline) 
drift was determined with the pressure switch in air and incorporated 


into the calculation of the true intracranial pressure. 


IX. NEUROLOGICAL ASSESSMENT 
Neurological examination was performed in all monkeys in the 
two to three hour period after anesthesia was discontinued. A five 


division neurological grading system was utilized for evaluation of the 


animals. 


Grade I: alert, active and vocal, no evidence of neurological 
deficit, accept food and water. 


Grade II: mildly obtunded, not as active or vocal, no signifi- 
cant neurological deficit. 


Grade III: moderately obtunded, neurological deficit (1,653) 
hemiparesis, paraparesis, cranial nerve palsy), usually assume a semi- 
supine position but sit up when stimulated, respond to all forms of 


stimulation (auditory, touch, pain). 


Grade IV: Severely obtunded, severe neurological deficit 
(i.e., hemiplegia, quadraplegia), little or no response to painful | 
stimulation, frequently exhibit generalized intermittent clonic seizures 


of variable duration. 


Grade V: moribund, unresponsive to all forms of stimulation, 
failing vital signs (falling BP, arrhythmias, shallow irregular 
respirations). 
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X. EXPERIMENTAL DESIGN 

A. Study A: The Effect Of Induced SAH And Subarachnoid Saline 

Injection On CBF, Neurological Status And Other 
Physiological Parameters 
A total of twenty-two monkeys were utilized. Four monkeys 

served as controls and had repeated CBF studies (partial hemispheric 
blood flow) performed at 30 minute intervals for five-hour period. 
Four animals received 4 milliliters of body temperature normal saline 
(pH 6.1) injected into the subarachnoid space and fourteen monkeys 
were subjected to subarachnoid hemorrhage. Three to six CBF determina- 
tions at 30-minute intervals were made prior to injection of saline or 
whole autogenous blood into the subarachnoid space. Post-injection CBF 
measurements were started within 3 minutes following the injection and 
continued at 30-minute intervals for a period of three hours. Every 
effort was made to maintain the PaC0, within the physiologic range. 
Following the final CBF study, anesthesia was discontinued and 
dtubocurarine was reversed with atropine (0.05 mg) and neostigmine 
(0.2mg). The animals were observed over the next two to three hours 
as they recovered from anesthesia and their neurological status was 
evaluated at the end of this time. The animals subjected to the 
subarachnoid hemorrhage were sacrificed with an overdose of sodium 
pentobarbatal and post mortem examination was carried out. Animals that 
showed significant subdural or intracerebral hemorrhage were excluded 


from the series. The brains were photographed and thick brain slices 


were examined grossly. 


P| { (‘Ly ai 5 1! 


jie ate 
: j ay 
! i 2 { ‘ 
- u | ae | 
Ly, y 
9 he 
a © ~ 
ot 
y ' i 7 | * 
! ; j . es Gal | 
i ‘ i a 
mo hoe Dee 
‘ ; cal 
4 1 * ‘y] ot 8 
- a 
‘Saari we catop sn 
' 
4 
A 2 a4 ‘ aS : 
i * i a 
y Mbeg Sie rt Pe |e bal 
oe ; o i's twee : . : = 
— ih Ee ; 3 ear ali’ te two Tt 
‘ Dag Oe WERE TT: Git ok iy Bee erm ‘, of 
4 ; ‘ Se 
‘ CAN mes ‘ 
’ S BAEC : ne SF 
» . PT | 
1 al é 
r 7 t re 
rs it ' at v e. 
+ NPT. ERAN, ¥ ' 
’ ‘ } , ‘ m’,> 
t y, . f 
: , ; ' M54 Sime eutre: 
P . “ge i a 5 fat ,) } ele { P 
Pry -J5¢e Ytomn jareul ' try? av els, “i 
1 ¥ : 7 
Thy wy s 


Phat 


4 am { » 
TP akin 1 es nai! 


A Ud / x Dew yy a 
: APTS VAs FS oe r na i 4 
UG SU et a put SOS ir he LL ee a wer 


= i? @ 5 ‘ ; 
peaiiniim oars Pw eth 


eh 


OG WO eres oe suit lice win re 


rf. 


mh Shw sonics Agi ae’ 


PAST rani at) 


‘oy 


ers yr OnSt 


itm Def 


aevgogaur © a anna bah 
oe) 7 : 


Bee sii ee weriaNs i; 
ie 


: 
: 


nial pay aged ie 
al 


+ fail an dipwilne 


1 vi 7 , <tr oh 
| ignaneoton 4G” tel idee mei ¢ 
i 


= ine 


was ea “| i rat 
| a 2 e on 
ae re was: | 


a 4 
fa, a 4 7 


7 


is 


63 


B. Study B: The effect Of SAH And SDH On Regional Cerebral Blood 
Flow, Intradural Arterial Caliber And Neurological 
Status. 

Of the 21 monkeys utilized in this study, six served as controls 
and had repeated rCBF and pHBF studies performed at 30-minute intervals 
for a 5- to 6-hour period. Fifteen animals were subjected to intra- 
cranial hemorrhage. Subarachnoid hemorrhage was induced in eight, 
pure subdural hemorrhage in two, and combined SDH:SAH in five other 
monkeys. Usually three to four baseline rCBF determinations at 30- 
minute intervals were made prior to needle insertion into the sub- 
arachnoid or subdural space. After correct needle placement, angio- 
graphy was carried out and was followed by a final baseline rCBF study. 
Insertion of the needle into the subdural or subarachnoid space did 
not cause alteration in CBF or vessel caliber. Post-hemorrhage rCBF 
studies were started within 3 minutes of the hemorrhage and continued 
at 30-minute intervals for a period of 3 hours. In one study, rCBF and 
angiography were performed at 24 hours post-hemorrhage. 

In the control series, angiograms were performed on completion 
of surgery and prior to termination of the experiments. In monkeys 
subjected to hemorrhage, baseline angiograms were carried out at the 
onset of the experiments and upon insertion of the needle into the 
chiasmatic area. Post-hemorrhage angiograms were performed at 20,90 
and 180 minutes. 

Following the three hour post-hemorrhage period, anesthesia was 
discontinued and the animals were reversed with atropine and neostig- 
mine. The animals were observed over the next two hours and their 
clinical and neurological state was evaluated. The type, degree and 


location of hemorrhage was determined by gross pathological examination. 
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C. Study C: The Effect Of Graded Hypocapnia And Hypercapnia On 
rCBF, Intradural Vessel Reactivity, And Neurological 
Status In Control Monkeys And Monkeys Subjected To 
SAH And TSICA 
The effect of hypocapnia and hypercapnia on rCBF and intra- 
dural vessel reactivity (as determined by serial angiography) was 
determined in nine control monkeys over a 5- to 6-hour experimental 
period. At the onset of each experiment, angiography and rCBF studies 
were carried out during ec aonane (Paco, 40+5 mm Hg). Usually two 
to four baseline rCBF studies were performed at 30-minute intervals 
prior to induction of hypocapnia and hypercapnia. Graded hypocapnia 
to PaC0., values near 20 mm Hg was achieved by increasing the volume of 
gas mixture delivered by the respirator. Hypercapnia was induced in a 
graded manner by eee et carbon dioxide gas to the anesthetic 
mixture until a maximum PaC0, value of 80 mm Hg was reached. Changes 
in Paco. were in steps of 5 to 10 mm Hg, and 10 to 15 minutes was 
allowed following each change for stabilization of hemodynamic reponses. 
In Me innte: graded hypocapnia to 20 mm Hg was induced following 
the baseline normocapnic studies, while in others stepwise hypercapnia 
was first induced. In general, angiography was performed during 
normocapnia at the onset of each experiment and at the extreme hypocapnic 
and hypercapnic states. Upon completion of each experiment the animals 
were neurologically assessed. 
Hemodynamic responses to graded PaC0, change were examined 
in eight animals subjected to two forms of cerebrovascular insult: sub- 
arachnoid hemorrhage and traumatic spasm of the ipsilateral carotid art- 


ery (TSICA). In four animals cerebral hemodynamic responses (rCBF and 


angiographical studies) to graded PaCO, change were tested prior to 
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and after subarachnoid hemorrhage. Hemorrhage was always induced 
during normocapnia. The first post-hemorrhage rCBF study was performed 
three minutes after the insult and was immediately followed by angio- 
graphy. Usually one or two additional rCBF studies were carried out in 
the normocapnic state. During graded Paco, change, rCBF was measured 
at approximately 30 minute intervals. Additional angiographical stud- 
ies were performed whenever marked rCBF changes occurred with Pal, 
change and at the extreme hypocapnic and hypercapnic values. The con- 
current pre-subarachnoid and post-subarachnoid hemorrhage rCBF and vessel 
diameter (angiography) studies permitted correlative analysis to be 
performed. 

Four animals displayed marked spasm of the origin of the inter- 
nal carotid artery. The vasoconstriction was produced by trauma irauead 
during catheterization and was demonstrated by angiography carried out 
during normocapnia at the onset of each experiment. Cerebral vessel 
reactivity and rCBF studies were performed after stepwise changes in 

PaCd,, were induced. The hemodynamic responses in these animals were 
compared with the responses observed in the control animals. 

Upon termination of each experiment, the animals were observed 
for two hours and neurologically assessed. They were then sacrificed 
and the brains removed for gross pathological examination. Histological 


examination was performed on two specimens (one SAH and on with TSICA). 


XI. OBJECTIVES OF EACH STUDY. 


The primary objectives in each study are listed below. 


A. Study A 


(a) The development of an accurate reproducible method of 
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quantitatively measuring cerebral blood flow in the 
rhesus monkey. 

Determination of the normal range of CBF values and other 
physiological parameters measured during steady state 
conditions in the rhesus monkey. ) 

To attain a simple laboratory reproduction of subar- 
achnoid hemorrhage, 

To determine the effect of SAH on CBF and other physio- 
logical parameters measured. 

To perform correlative studies between the changes in 
cerebral perfusion after SAH and the neurological state 
of the animals. 

B 

To determine the interregional variation of the rCBF in 
control animals by a specially constructed multidetector 
system. 

To determine whether induced SAH causes regional or 


global changes in CBF. 


To examine the effect of induced SAH on intradural vessel 


- diameters and the duration of the changes observed. 


To observe the effect of subdural hemorrhage on rCBF, 
vessel caliber and other physiological parameters. 

To perform correlative studies between rCBF, vessel 
diameter change and the neurological status of animals 


subjected to intracranial hemorrhage. 


C 


To determine the effect of induced hypocapnia and hyper- 


capnia on rCBF, intradural vessel reactivity and other 
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physiological parameters monitored in control animals. 

To perform correlative studies between rCBF, vessel 
response and neurological state in a control series of 
monkeys, 

To determine the effect of SAH on rCBF and vessel reacti- 
vity during normocapnia, hypocapnia and hypercapnia. 

To determine the effect of traumatic spasm of the internal 
carotid artery on ipsilateral rCBF. 

To observe the effect of TSICA on rCBF and vessel react- 
ivity in response to stepwise changes in PaC0,. 

To perform correlative studies between rCBF, vessel 
diameters and neurological state during graded changes in 


PaCO, in animals subjected to SAH and TSICA. 
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CHAPTER FOUR 
RESULTS 


I. STUDY A: THE EFFECT OF INDUCED SAH AND SUBARACHNOID SALINE 
INJECTION ON CBF, NEUROLOGICAL STATUS AND OTHER PHYSIOLOGICAL 
PARAMETERS 
A. Cardiovascular and Intracranial Pressure Responses 

The mean arterial blood pressure (MBP) and standard deviation 
of the control, pre-saline injection and pre-SAH monkeys was 100 + 17, 
116 + 12, and 108 + 24 mm Hg respectively. Injection of saline or 
blood into the SAS caused an increase in systemic blood pressure 
beginning at 5-10 seconds and reaching a maximal value within 30 
seconds after the onset of injection. The mean peak values for the 
Saline and SAH groups was 155 + 11 and 177 + 39 mm Hg. Within 5 
minutes after injection, MBP values returned to pre-injection levels 
in both groups. 

The mean heart rate (HR) of the control, pre-saline and pre- 
hemorrhage monkeys was 176 + 23, 195 + 17, and 191 + 28 beats/minute. 
Decreased HR was observed within 30 seconds after injection of saline 
or blood into the SAS. Mean minimal values for the two groups were 
120 + 39 and 119 + 28/min., respectively. Post-injection values 
beyond the first 10 minutes were not significantly different from pre- 
injection values. 


Arrythmias were first observed 5-45 seconds from the onset of 


injection of blood into the SAS. Five animals showed them within 10 


seconds, 5 within 11-20 seconds, 3 later than 20 seconds, and one 
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showed no significant response. Sinus arrythmia, nodal beats, nodal 
rhythm and premature ventricular contractions were frequently seen. 
Other induced EKG changes included increased T-wave amplitude, T-wave 
inversion, U waves, S-T elevation and increased P-wave amplitude. 
Cardiac rhythm reverted to normal within 3 minutes in 9 animals, within 
9 minutes in one animal, within 10 minutes in 2 animals, and with 30 
minutes in one. 

Three of four monkeys receiving subarachnoid saline injection 
demonstrated sinus arrythmias lasting up to 5 minutes. Other abnormal 
cardiac responses were not observe in the saline group. 

The mean intracranial pressure (ICP) and standard deviation in 
the control,pre-saline and pre-hemorrhage monkeys were 14 + 3, 17 + 5, 
and 15 + 6 mm Hg, respectively. The mean post-saline and post-SAH ICP 
peaks which occurred a few seconds after the peak BP was reached was 
140 + 11 and 151 + 56, respectively. In most animals ICP returned to 
near control values within 5 minutes (Figure 10). 

Hemoglobin determination at the onset of the experiments 
averaged 11.5gm% and at termination, 9.5gm% in the SAH group and 11.0 
gm% and 9.5gm% in the saline group. Pre-hemorrhage mean values for 
Pa CO,, PaO. and pH were Ajvt 3.8; 128 2°20.0 and’ 7.37 2 0-56. res- 
pectively, in the SAH monkeys. Post-hemorrhage values were 3954) 3.6: 
Petes) oso. and?/.07 £ 0,58. PaC0., Pad, and pH mean values for the 
monkeys receiving saline SAS injection were not significantly different 
(p 70.05) from the SAH group. 

B. Electroencephalographic Changes 


Control monkeys demonstrated no appreciable changes in EEG over 


the duration of the experiments. 
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PRE- SAH + 20 SEC. +3 MIN. + 30MIN 


EKG 


BPs 


IcP & | 


Figure 10: Cardiovascular and intracranial pressure responses to SAH. 
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Monkeys subjected to SAH exhibited changes begining approxi- 
mately 10 seconds following the start of blood injection. The EEG 
became flat at 15-20 seconds and remained iso-electric for 30 to 120 
seconds. Giant amplitude slow waves then appeared and lasted up to 
9 minutes. Electrical activity gradually reverted fonends normal 
although there was generally increased sporadic delta and theta act- 
ivity aS compared to the baseline trace. In the animals showing a 
progressive reduction in CBF, progressive loss of amplitude and 
decreased frequency was exhibited (Figure 11). 

Changes in the EEG pattern following saline injection were 
Similar to the response seen after SAH. However, unlike the frequent 
deterioration seen after blood injection, the electrical activity 
returned to normal within 5-10 minutes. 

C. Cerebral Blood Flow 

In general, a good correlation between flow values obtained by 
the stochastic and initial slope methods was found (Table 1). The 
mean values with standard deviation calculated by the stochastic and 
initial slope methods in control animals were 59 + 16 and 66 + 19 ml/ 
100 gm/min., respectively. In the saline study, pre-injection mean 
flow values were 56 + 11 and 59 + 19, while in the hemorrhage study, 
pre-injection flows were 61 + 14 and 65 + 16 ml/100gm/min. Flow 
values calculated by the compartmental analysis were consistently lower. 

The control animals demonstrated no significant variation 
(p>0.05) in CBF throughout the experiments. Three animals were 
observed for 5 hours and one for 3 hours (figure 12). 

Of the animals that received 4 ml's saline into the subarach- 


noid space (SAS), one animal showed no significant change in CBF 
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Figure 11; Electroencephalographic changes observed after SAH (15mm/sec.). 
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Mean and stardard deviation of CBF (ml/100gm/min) of four control monkeys 
observed over a 5-hour period. Pre- and post-injection CBF values of four monkeys 
and 12 monkeys subjected to SAH. Stochastic (H/A) values 


Figure 12: 


receiving SAS-saline 
used. 
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(p>0.05); in another, the CBF was significantly increased for a period 
of 1 1/2 hours then reverted to pre-injection values. One monkey 
demonstrated an immediate increase in CBF for a one-hour period, 
returned to pre-injection values during the secand hour, and finally 
increased significantly during the third hour of susenkeeigt: The 
fourth animal showed increased cerebral perfusion for the 3-hour 
duration. Thus, in 3 of 4 monkeys, injection of acidic (pH 6.1) 

Saline into the SAS caused an immediate increase in CBF for a period 
lasting an hour or more. 

Of the 14 animals subjected to SAH, 12 showed a significant de- 
crease in cerebral perfusion (p<0.02). The mean pre- and post-SAH 
(H/A) CBF measurements were 61 + 14 and 41 + 14 m1/100gm/min., respect- 
ively. In 7 monkeys, the response to SAH was immediate (first post- 
SAH measurement), in 4 monkeys reduction was present after 30 minutes 
(second measurement), and in 1 animal perfusion progressively decreased 
after 60 minutes. Animals exhibiting an immediate decrease frequently 
showed lower perfusion rates but this finding was not consistent. 

D. Neurological Assessment 

The control monkeys showed no impairment of consciousness or 
focal neurological deficit at termination of the experiments. These 
animals were observed for a period of approximately 2 weeks and were 
utilized in subsequent experiments. 

The monkeys subjected to subarachnoid saline injection 
demonstrated no neurologic deficit following the experiments. They 


were sacrificed after one hour of observation to allow for pathologic 


examination of the brains. 
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Animals receiving 4 ml's of autogenous blood were observed for 
a period of one hour after reversal medication (atropine and neostig- 
mine) was administered. Two animals showed no Significant neurological 
deficit following SAH. These were arbitrarily classified as grades I 
and II. There was no significant changes in the mean CBF of these two 
animals. Eight animals were found to have definite gross neurologic 
deficit and all showed a significant decrease in mean CBF. However, 
all these animals appeared as if they would survive and their neurologic 
condition was improving at the time of final assessment. They were 
classified as grades III and IV. Four animals were moribund with 
failing vital signs at the time of the post-anesthetic neurologic 
examination (grade V) and these animals showed the lowest mean post- 


hemorrhage CBF values (TableII). 


I]. STUDY B: THE EFFECT OF SAH AND SDH ON REGIONAL CEREBRAL BLOOD 
FLOW, INTRADURAL ARTERIAL CALIBER AND NEUROLOGICAL STATUS 
A. Control Series 
(a) Cardiovascular Responses 
The arterial blood pressure in the six control monkeys averaged 
113 + 9 mm Hg-while the mean heart rate was 206 + 19 beats/minute. 
Cardiac rhythm abnormalities were not seen in the entire series. 
Hemoglobin and hematocrit determinations made at the onset, mid-point 
and prior to termination of each experiment averaged 12.9 + 0.5 gm%, 
| 37.3 + 1.9 vol%; 11.7 + 0.9 gm%, 34.0 + 2.2 vol%; and 10,6°+ 0.9 gmZ, 
30.8 + 2.1 vol% respectively. Arterial PCO., PO, and pH values 


averaged 39.1 + 3.7 mm Hg, 113.2 + 16.9 mm Hg and 7.32 + 0.4 


respectively. 
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(b) Regional Cerebral Blood Flow (rCBF) 

Reproducibility of the method employed to measure CBF was 
examined in a monkey by performing flow determinations in the same 
animal on two different occasions one week apart. CBF values deter- 
mined by the compartmental, stochastic and initial-slope- index methods 
averaged 52 + 3, 43 + 3 and 43 + 3 m1/100gm/min in the first exper- 
iment compared to values of 53 + 2, 44 + 4 and 48 + 5 m1/100gm/min in 
the second study. This study suggested that the technique utilized for 
CBF measurement was reproducible. 

In six control monkeys, rCBF determined at intervals of 30-45 
minutes for a period of 5-6 hours, no significant variation in cerebral 
perfusion occurred throughout this time period (Figure 13). The mean 
compartmental, stochastic and initial-slope-index rCBF values and 
Standard deviations are shown in Figure 14. Flow values recorded from 
the frontal, central, parietal and temporal areas were not significantly 
different from each other. Mean rCBF values in the cerebellum 
(detector 6) was 25% lower than the combined means of flows in the 
cerebral hemisphere (detectors 1,2,3,and 5), while orbito-maxillary 
tissue flow (detector 4) was reduced by approximately 50%. 

The er measured by the contralateral single detector 
system i.e.(pHBF), was not significantly different from the mean sum 
of the ipsilateral multidetector system (detectors 1, 2, 3, and 5). 

The small variations present were attributable to extracerebral con- 
tamination and counting geometry differences. 

(c) Angiography 

Lateral angiograms performed at the onset and upon termination 


of each experiment did not reveal significant change in vessel caliber. 
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Figure 13: Mean stochastic rCBF values (ml/100gm/min) in six control monkeys measured 
over a 5-hour period. Cerebral values (detectors 1, 2, 3 & 5) show little 
inter-regional variation. Mean cerebellar flow (detector 6) is approximately 25% 
below and mean orbital tissue perfusion (detector 4) is 50% lower than mean 


hemispheric values. 
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Figure 14: 


Mean rCBF and standard deviations (ml/100gm/min) determined by the 
Compartmental (top values), Stochastic (middle values) and _ Initial-slope-index 
(bottom values) methods over a 5-hour period in six control monkeys. 
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(d) Neurological Assessment 
Using the five-division grading system outlined previously, all 
control animals were classified as grade I and were utilized for sub- 


sequent experiments. 


B. Subarachnoid Hemorrhage Series 

(a) Cardiovascular and Intracranial Pressure Responses 

The mean arterial BP prior to SAH in eight monkeys studied was 
114 + 12 mm Hg while the post-SAH values averaged 117 + 17 mm Hg. 
Injection of 4 ml autogenous blood into the basal cisterns produced 
systemic hypertension beginning at 5-10 seconds and reaching a maximal 
value (173 + 14 mm Hg) within 30-45 seconds after the onset of in- 
jections. Within 2-8 minutes following SAH, systemic BP returned to 
baseline levels. 

Pre-hemorrhage heart rate (HR) averaged 209 + 17, compared to 
181 + 30 beats/minute in the post-SAH period. Bradycardia was usually 
observed within 30 seconds after onset of injection and the minimal 
value averaged 121 + 25 beats/minute. Post-injection values beyond the 
first 5-10 minutes were not significantly different from pre-SAH values. 

Cardiac arrythmias, which were first observed 25-45 seconds 
from the onset of SAH, were seldom present after five minutes. The 
most frequent changes observed included sinus arrythmia, nodal beats, 
nodal rhythm and premature ventricular contractions. Other EKG ab- 
normalities, i.e., increased T and P wave amplitude, S-T elevation, 
U-waves, were also common. 


Intracranial pressure changes during and after SAH were 


monitored in three animals. Pre-hemorrhage values averaged 17 + 5 mm 
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Hg compared with 34 + 11 mm Hg in the post-SAH period. After a mean 
peak pressure of 140 + 8 mm Hg, observed at 20-30 seconds, ICP returned 
to near baseline values within 5 minutes. Following this initial rapid 
decrease, ICP values gradually increased during the subsequent 3-hour 
period, perhaps secondary to ensuing cerebral edema. 

Mean pre-hemorrhage Palo, and Pad, and pH values were 38.9 + 
3.3 mm Hg, 110 + 13.5 mm Hg and 7.37 + 0.1, respectively. Post-SAH 
values averaged 39.0 + 3.0 mm Hg, 110 + 9.5 mm Hg, and 7.37 + 0.1. 
Hemoglobin and hematocrit values at the onset of the experiments averaged 
fe.0 = 1.5 gmt, 37507 5.2 NO1S,.prior tomSAHe-Ti ther 127 ome. 33.4 = 
5.2 vol%, and upon termination, 10.5 + 1.8 gm% and 30.3 + 4.9 vold. 

(b) Regional Cerebral Blood Flow (rCBF) 

Of the eight monkeys subject to SAH, six (75%) showed a 
significant reduction in rCBF (Figure 15). The decrease was present in 
all brain regions viewed by the 5-ipsilateral detectors. Orbito- 
maxillary tissue perfusion (detector 4) was not significantly affected 
by SAH. The reduction in rCBF was immediate (first rCBF at 3 minutes 
post-SAH) and flow values remained significantly reduced for the 3-hour 
duration. Little variation in rCBF occurred after reduced perfusion 
was established. Contralateral hemispheric perfusion measured by the 
single detector system was also significantly decreased. Mean pre- and 
post-SAH rCBF values with standard deviations calculated by the 
compartmental, stochastic and initial-slope-index methods are re- 


presented in Figure 16. One animal subjected to rCBF studies 24 


hours after SAH continued to show a significant global reduction in 


cerebral perfusion. 
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Figure 15: Decrease in rCBF (ml/100gm/min) in six of eight monkeys subjected to SAH. 
Cerebral and cerebellar perfusion decreased after SAH, whereas orbito-maxillary 
tissue flow (dotted line) remained constant. Stochastic (H/A) values used. 
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Figure 16: Mean pre- and post-SAH Compartmentai, Stochastic (H/A) and Initial-slope-index 
rCBF values (m!/100gm/min) in six monkeys which displayed a significant decrease 
in cerebral perfusion. 
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Two monkeys (25%) with profuse SAH did not develop a decrease 
in rCBF in the 3-hour period following injection (Figure 17). 

(c) Angiography 

Baseline lateral angiograms were performed immediately following 
internal carotid artery catheterization and after needle Teeaan into 
the SAS. Needle placement did not produce alteration in vessel diameter 
(p70.05). Post-hemorrhage angiography was carried out immediately 
after measurement of the first post-SAH rCBF (i.e., at 20 minutes post- 
SAH), 1.5 hours and 3 hours post-hemorrhage. In one study, angiography 
was carried out 24 hours after induction of SAH. 

Significant generalized vasospasm of the intradural vessels 
was present in all monkeys subjected to SAH (Figure 18). The mean 
percentage reduction in all vessels measured at the predetermined 
post-SAH times was 30 + 9.3%. 

Table III compares the mean percentage decrease of the intradural 
arterial tree in monkeys which showed a significant rCBF decreased 
compared with the animals which did not. Monkeys not displaying reduct- 
jon in rCBF exhibited a mean vessel caliber decrease of 26 + 9.8%. 
Although spasm was intense initially, there was tendency for some 
vessel relaxation, although the increase in vessel size was not 
statistically significant (Figure 19). 

(d) Neurological Assessment 

The animals with significant reduction in cerebral blood flow 
following SAH displayed severe neurologic abnormalities. All were 


severely obtunded, hemiplegic or quadriplegic and responded poorly to 


all forms of stimuli (Grade IV.). Occasionally, intermittent generalized 


clonic seizures were present. One animal developed failing vital signs 


2659 909D hb 


p! 
mel 
v9" 
- t 
mi: Oe cae 
Hi! 
ron 
' 
7 wolf) bawitd 
iG : 
ri I 
y : 4} ea ' 
, us 
os 


ar 
7 
r ir 
; ry ' 


o7 net 


é 
4 ff 
Pew 93fe 


: ¥ f' 10g i] a je ay ban rg a m nae 
NY 
htaprnien anise oe wi 


i Loe : i i 


SV¥A0 son: ia. taahta tg Pint eS) oqglnat 


ay 
~ penis A 
yea) not doe ne en tyra Fie thnk ot 
My ' 
r ‘ state: 
i 3 ol: 4 spi 5 
Mh PSRIOT iso) SiSy ent p bt 
— F es = i : 
hes (atte OFb ROPIEST? : 
ae " 
he , ¥ -, 
i ee) ra A HOGG TO! L in 
5 ip ; 5 
- Bs ses a fei MES ae Pian . My 
' 
jie ey 140) Le chet ‘ 
ita if 
t ore Y 1 ‘VARS ath } 4 Ml 2 VE y 
N94 iy 
Ae 7} ‘ho taint Ce 
Ly ’ - 


Pay rite Se if isiagzoehy ne | ale a re a 


8 ita) Na a nado ed oeatnoet 
. en Tae) eel ee 
"postleuael Bap , 


- + 


NS. 0m: pom 


wmaanit 


1994 aneathigdeete ae debintacrias- 


niin Oe 
|, oS Pe a 


‘oii -~ aa y 
SENS ont aon 


| ae b 


ill 


pa. Taste 


siete aa 


7 
j aoe. cab 


Fevdeaias al Oe iGo 
iY 


joide otal 7 13 We 


Zora tant 
nd 


; ‘ 
ee 
wy : 
a 


sa 


60 


Figure 17: 


rd 
wae 


Mean pre- and post-SAH rCBF values (mi/100gm/min) in monkeys not exhibiting a 
decrease in cerebral perfusion. Stochastic values used. 
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Figure 18: Serial lateral angiograms of a monkey: A. pre-SAH; B. 20 minutes post-SAH and 
C. three hours post SAH. Diffuse intradural vasospasm is observed in post-SAH 
films B and C. CBF was significantly reduced post-SAH. 
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Figure 19: Lateral angiograms taken A. prior to SAH; B. 20 minutes post-SAH and C. 3 hours 
post-SAH. Although no decrease in rCBF occurred after SAH, diffuse intradural 
vasospasm was exhibited in post-SAH films (B and C). 
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during the period of examination and died (Grade vy 

Monkeys exhibiting vasospasm but no reduction in cerebral 
perfusion after SAH appeared mildly obtunded but did not display a 
neurologic deficit. They were classified as Grade II clinically. 

C. Subdural Hemorrhage Series 

Seven monkeys, grouped into three categories by virtue of the 
amount of blood present in the subdural space on post-mortem examination, 
comprised the subdural hemorrhage series. Two animals only displaying 
Subdural hemorrhage were classified as Group A; three showed primarily 
SDH with a minute amount of blood in the subarachnoid space -- Group B; 
and two animals presented with 20-30 percent SAH component -- Group C. 

(a) Cardiovascular and Intracranial Pressure Responses 

There were no significant differences in cardiovascular and 
intracranial pressure responses between the three groups of monkeys 
studied. The mean arterial BP prior to induction of SDH was 108 + 19 
mm Hg while the post-SDH values averaged 118 + 24 mm Hg. subdural 
hemorrhage produced a systemic hypertension beginning at about 10 
seconds and reached a mean peak value (169 + 25 mm Hg) within 60 
seconds from onset of injection, Post-hemorrhage values generally 
reverted to baseline values in 5-10 minutes. 

The mean baseline heart rate (HR), 197 + 30 beats/minute, was 
not Significantly different from mean post-hemorrhage value (178 + 
39 beats/minute). Decrease in HR was observed at 5-15 seconds after 


onset of injection and the mean minimal value (114 + 46 beats/minute) 


was reached at 20-30 seconds. Post-hemorrhage HR beyond 25 minutes 


was not significantly different from baseline values. 


Arrythmias were frequently observed in this series and usually 
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began 20-30 seconds after SDH. The EKG Changes were similar to those 


observed after SAH. 


Pre-hemorrhage intracranial pressure averaged 20 + 8 mm Hg 


compared with 45 + 20 mm Hg in the 3-hour period after SDH. The mean 


peak ICP observed at 30-50 seconds post-injection was 150 + 24 mm Hg. 


Unlike the SAH series where ICP usually reverted to baseline levels 


within 5 minutes, the pressure gradually decreased but did not reach 


baseline levels in the entire 3-hour period. 


Pre-SDH PaC0,, Pad, and pH values were 40.1 + 3.9 mm Hg, 109 + 


13.4 mm Hg and 7.35 + 
110 + 11.1 mm Hg 7.35 


(a) 


Regional 


(i) 


~— 


(ii 


(14) 


0.04 compared with post SDH of 39.6 + 4.5 mm Hg, 


Ho UO. 
Cerebral Blood Flow (rCBF) 


Group A (SDH) 
Monkeys exhibiting subdural hemorrhage without a 
subarachnoid component did not have a reduction in 
CBF over the 3-hour post-injection period. Mean 
pre-hemorrhage stochastic values were 5/7 + 10, 
compared with 55 + 14 m1/100gm/min in the post-SDH 
period. 

Group B (SDH with a smal] SAH component) 
These animals showed a small non-significant 
reduction in CBF in the post-hemorrhage period. 
Mean pre- and post-hemorrhage values were 52 + 10 
and 50 + 14 m1/100m/min respectively (p>0.05). 
Group C (SDH with a 20-30% SAH component) 

In animals which displayed a 20-30 percent Sub- 


archnoid component, a significant reduction in 
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cerebral perfusion occurred (p<0.02) 
(c) Angiography 
| (i) Group A Monkeys. 

Reduced vessel caliber was observed only in arteries in 
the immediate vicinity of the basal subdural hemorrhage (intracavernous 
internal carotid and the internal carotid artery at the origin 
of the ophthalmic artery). There was no evidence of caliber reduction 
inthe intradural portion of the arterial tree. 

(77) Group B Monkeys 

Decrease in arterial vessel caliber was present 
primarily in the intracavernous internal carotid artery, internal 
carotid at the ophthalmic origin and to a lesser extent the proximal 
segment of the middle cerebral and intra-dural internal carotid 
arteries. No significant reductjon in the proximal and distal 
pericallosal artery ee evident. 

| (iii) Group C Monkeys 

The intradural arteries measured in animals which 
diplayed a 20-30 percent subarachnoid component showed a significant 
reduction in vessel caliber of 20-25 percent. Unlike Group A and B 
monkeys, no significant reduction in extradural vessel caliber occurred. 

(d) Neurological Assessment 

Monkeys subjected to subdural hemorrhage with or without a smal] 
Subarachnoid component (Group A and B) appeared mildly obtunded but 
did not exhibit significant neurologic deficit and were classified 
as Grade II. 

Monkeys with a 20-30 percent subarchnoid component were 


moderately obtunded and displayed significant neurologic abnormalities 
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including hemiparesis, depressed response to stimuli and cranial nerve 


palsy. They were classified as Grade III (Table IV), 


erie ot UDY? Ge THE EFFECT OF GRADED HYPOCAPNIA AND HYPERCAPNIA ON 
rCBF, INTRADURAL VESSEL REACTIVITY, AND NEUROLOGICAL STATUS IN 
CONTROL MONKEYS AND MONKEYS SUBJECTED TO SAH AND TSICA 
A. Control Series 
(a) Physiological Responses 
The effects of hypocapnia, normocapnia and hypercapnia on pH, 
Pad,» HR, MBP, and ICP in nine control monkeys are presented in 
Table V, The mean and standard deviation of PaC0, during hypocapnia, 
normocapnia and hypercapnia were 23.5 + 5.5 mm Hg, 39.8 + 2.4 mm Hg 
and 61.9 + 10.3 mm Hg respectively. Changes in PaC0., Significantly (p< 
0.01) altered arterial pH values (respiratory alkalosis and acidosis) but 
produced little change in PaO,. Heart rate and mean blood pressure were 
not significantly altered (p>0.05) during induced hypocapnia and hyper- 
capnia. Stability of HR and MBP was in part due to the small step-wise 
ei rterencss in PaC0., and to the time alloted for the cardiovascular 
responses to normalize. Hypercapnia produced an increase in ICP 
(increase in cerebral blood volume) whereas hypocapnia caused a slight 


decrease. Significant changes in EKG were not observed even at extreme 


Palo, levels. 
(b) Relationship Between CBF and PaC0, 
A total of eighty-four CBF studies were performed in the Palo, 


range of 16 mm Hg to 85 mm in nine control animals. Fifteen Studies 
were carried out during hypocapnia, thirty-five during normocapnia 


(40 + 5 mm Hg) and thirty-three during hypercapnia. 
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Considerable variation in CBF response to PaC0,, Change was 
found amoung different animals and in individual animals (Figure 20). 
Cerebral perfusion increased linearly between Pal. values of 30 mm Hg 
and 60 mm Hg and in this range CBF sensitivity was greatest. Cerebral 
blood flow response to PaCd,, diminished considerably below 30 mm Hg 
and values below 25 mm Hg were frequently associated with a smal] 
increase in CBF. Response to Pal. values above 65-75 mm Hg was 
attenuated and no further increase in cerebral perfusion occurred above 
a PaC0,, value of 80 mm Hg. 

Linear regression analysis for CBF was carried out for each of 
the several calculated flow values in PaCd, range of 10-80 mm Hg and 
these results are shown in Figure 21. An excellent correlation between 
the stochastic (H/A) and initial-slope-index (ISI) methods for CBF 
calculation was found and these two methods of calculation have been 
used for purposes of statistical analysis. As shown in Figure 21, grey 
matter flow (F_) was more sensitive to PaC0. change than white matter 


flow eral 

Mean stochastic and initial-slope-index rCBF, mHBF and pHBF 
values during hypocapnia, normocapnia and hypercapnia are given in Table 
VI. Induced hypocapnia, to a mean PaC0, value of 23.5 + 5.5 mm Hg 


from the mean normocapnic value (39.8 + 2.4 mm Hg), caused a 40 


percent decrease in mHBF, whereas hypercapnia (mean 61.9 + 10.3 mm Hg) 


produced a 74 percent increase. During normocapnia, rCBF did not vary 
significantly (p>. 0.05) from one cerebral area to another although flow 
in the central area (Probe 2) appeared to be consistently higher (Figure 


22). During normocapnia, flows in the cerebellum (Probe 6) and in 


orbito-maxillary tissue (Probe 4) were lower than cerebral tissue by 
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Computer printout showing the relationship between CBF (Initial-slope-index 
method) and PaCO2 change in nine control animals (PaCO2 range 10-80mmHg). 
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130 
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Figure 21: Linear regression analysis for Fg, Fw, FC, FH/A and FISI in the PaCO2 range 


10-80mmHg (control monkeys). Equations describing the relationship of CBF to 


PaCO2 are included. 
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Figure 22: Effect of hypocapnia and hypercapnia on mean cerebral (detectors 1, 2, 3 and 5), 
cerebellar (detector 6) and orbito-maxillary (detector 4) tissue flows (ISI analysis) in 


nine control animals. Top values - flows during hypocapnia; middle values - flows 
during normocapnia; bottom values - flows during hypercapnia (ml/100gm/min). 
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20 and 35 percent respectively. Cerebral tissue flows were more influ- 
enced by Pal, Change than were the cerebellar or orbital tissues, thus 
Suggesting a greater responsiveness. 

Mean hemispheric blood flow and vessel caliber resonses to 
severe hypocapnia and hypercapnia in individual control animals are 
shown in Table VII.Six animals were made hypocapnic and all exhibited 
a decrease in mHBF. Hypercapnia was induced in eight animals and all 
Showed a marked increase in mHBF. 

(c) Vessel Diameter Responses to Paco, Change 

To test vessel reactivity to PaC0, change, angiographic 
studies were performed in nine animals. Angiograms were obtained in 
five animals during hypocapnia, in nine during normocapnia and in seven 
during hypercapnia. Vessel caliber measurements were made at pre- 
determined, fixed locations on the arteries (Figure 23). 

The effect of contrast material on vessel diameter during each 
angiographic sitting (constant MBP and PaC0, ) in control and experi- 
mental animals was analyzed by measuring the change in vessel caliber 
with each successive Conray injection. Although a small increase in 
vessel caliber between the first and subsequent Conray injections was 
frequently present, the induced vasodilation did not reach levels of 
statistical significance (p>0.05) 

Of the five monkeys subjected to severe hypocapnia, two 


exhibited a marked reduction in vessel diameter, while two others 


displayed mild constriction. In one animal (Monkey #3), vasoconstriction 


was absent (Table VII). In general, CBF studies performed just prior 
to angiography correlated well with the angiographic findings. 


Correlative CBF and angiographic studies were performed in 
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Figure 23: Lateral angiograms of a control monkey during A. normocapnia; B. hypocapnia 
and C. hypercapnia. The sites at which vessel diameter measurements were made 
are indicated in A. Percent changes in rCBF (white values) in the various cerebral 
tegions (detectors 1, 2, 3 and 5) are indicated. Black values indicate percent 
changes in vessel diameters. 
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seven animals during induced hypercapnia. As shown in Table VII, all CBF 
values were significantly increased above normocapnic values, whereas con- 
sistent increases in vessel diameters were only observed in the more distal 
vessels (i.e., DPA), suggesting greater responsiveness of smaller vessels 
to Palo, change. | 

(d) Neurological Assessment 

None of the control animals displayed neurological deficit at 
the termination of the experiments and were classified as Grade I or II. 


These animals were utilized for subsequent studies. 


B. Experimental Series 

(a) Subarachnoid Hemorrhage 

In four animals, the effects of hypocapnia, normocapnia and 
hypercapnia on physiologic parameters before and after subarachnoid 
hemorrhage, were studied (Table VIII). Mean pre-subarachnoid hemorrhage 
Pal0., values during normocapnia and hypercapnia were 39.3 + 1.4 mm Hg 
and 65.0 + 5.1 mm Hg respectively. In the post-SAH period, corres- 
ponding PaCo,, values were 40.3 + 3.1 mm Hg and 65.2 +-12.9 mm Hg. 
Post-subarachnoid hemorrhage PaC0. values during hypocapnia averaged 
30.0 + 2.0 mm Hg. Heart rate and mean blood pressure varied with PaC0, 
change in individual animals but not at significant levels (p>0.05). 
Changes in EKG produced by SAH included sinus arrhythmias nodal beats, 
nodal rhythm and premature ventricular contractions. These cardiac 
abnormalities were temporary and seldom lasted more than three minutes. 

(i) Cerebral Blood Flow Response To SAH 


Four animals were subjected to SAH during normocapnia by 
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injection of autogenous blood into the chiasmatic cistern. Hemorrhage 
produced a significant decrease in CBF in three animals and a non- 
Significant reduction in the fourth (Table is These CBF changes were 
global in nature with no one area being affected to a greater degree. 
As shown in the previous studies, little subsequent variation in rCBF 
was observed in the post-SAH period during normocapnia. The average 
reduction in CBF varied from 15 percent (monkey 11) to 25 percent 
(monkey). | 


(ii) Post-Subarachnoid Hemorrhage CBF Response to 
Paco. Change 


In two animals, hypocapnia induced in the post-SAH period 
further decreased CBF, suggesting that vessel reactivity to PaCo., 
decrease was present after SAH. 

Graded hypercapnia in the post-SAH period resulted in a gradual 
increase in CBF. As shown by regression analysis (Figure 24), the 
response to Palo, change was less marked when compared to control and 
pre-SAH studies. However when PaC0. values were increased to about 
60-65 mm Hg, a much greater increase in CBF occurred with values 
approaching or surpassing pre-SAH normocapnia flow rates (Figure 25). 
This "CBF breakthrough" occurred in all monkeys subjected to SAH. 

(iii) Vessel Caliber Responses 

Serial angiographic studies were performed (during normocapnia) 
at the onset of the experiments and after insertion of the needle into 
the chiasmatic cistern. No significant variation (p>0.05) in intra- 
dural vessel diameter was produced by needle insertion. Post-SAH 


angiograms were obtained immediately after completion of the first CBF 


Study and at the extreme PaC0. values. Additional angiographic studies 
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Figure 24: Regression line analysis for stochastic (H/A) and initial-stope-index (ISI) flows in 
. the PaCO2 range 10-80mm Hg for control, pre-SAH and post-SAH monkeys. 
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CBF (H/A and ISI) responses to graded hypercapnia in the pre-SAH and post-SAH 
period. Note the marked increase in post-SAH CBF when PaCOQ2 is increased 


above 65mm Hg (breakthrough phenomenon). 
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were carried out whenever marked changes in CBF occurred during induced 
increases in Paco,. 

Subarachnoid hemorrhage produced a decrease in intradural 
vessel caliber in all animals. The degree of vasospasm differed among 
different animals and also in different vessels in the same animal 
(Table IX). In all animals, marked reflux into the opposite ICA and 
vertebral arteries occurred, suggesting increased cerebrovascular 
resistance. 

Vessel reactivity was tested in one animal subjected to 
hypocapnia in the Post-SAH period. Further vessel constriction occurred 
Suggesting that maximal decrease in vessel diameter was not produced by 
SAH. 

With hypercapnia, post-subarachnoid hemorrhage CBF was in- 
variably increased and reflux abated, although vessel diameter responses 
were highly variable. In one animal (monkey 10), hypercapnia (PaC0. 

66 mm Hg) produced a paradoxical response and increased vasospasm over 
the post-SAH normocapnic level. Even though hypercapnia intensified 

the vasospasm, CBF increased above the pre-SAH normocapnic flow 

(Figure 26). In another animal (monkey 13), hypercapnia caused a 

mild relaxation of post-SAH vasospasm, but the vessel diameters were 
still below pre-SAH normocapnia diameters. Although vasospasm 

persisted during severe hypercapnia, reflux of contrast material 
disappeared and CBF values increased above pre-SAH normocapnia flow rates 
(Figure 27). 

In two monkeys, graded hypercapnia progressively increased the 
distal intradural vessel diameters. At high PaCO, levels. (60-70 mm Hg) 


vasospasm disappeared and at extreme PaC0., values (near 80 mm Hg), 
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Figure 26: Pre- and post-SAH lateral angiograms of monkey 10. 

. Pre-SAH normocapnic angiogram; 

Post-SAH: normocapnic angiogram displaying vasospasm; 

Post-SAH angiogram during hypercapnia (PaCO2 66mmHg) showing 
intensified vasospasm even though rCBF increased. White values - rCBF; 
black values - vessel diameters. 
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Figure 26C: 
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Figure 27: Pre- and post-SAH angiograms of monkey 13. White values represent rCBF; black 
values show percent change in vessel diameters. 


A. 
B. 


C: 


Pre-SAH angiogram during normocapnia; 

Pre-SAH angiogram during hypercapnia showing marked increase in rCBF 
whereas vessel diameters are little affected: 

Post.SAH angiogram showing vasospasm and decreased rCBF; 

Post-SAH angiogram during hypercapnia showing increased rCBF values 
even though vessel diameters remain below control dimensions. 
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Figure 27B: 
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Figure 27C 
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Figure 27D: 


vessel calibers increased to above the pre-SAH normocapnic diameters. 
However, an increase in vessel diameter above pre-SAH control values 
was demonstrated only in the distal pericallosal arteries ,again 
suggesting the increased sensitivity of the small distal vessels to 
PaC0,, change. 
(iv) Neurological Assessment 

The animals were assessed neurologically and three were 
classed as Grade III and one, Grade II. The animals were sacrificed 
and the brains removed for verification of subarachnoid hemorrhage 
(Figure 28). 

(b) Traumatic Spasm of the Internal Carotid Artery 

In four animals, the effect of PaCd., change on pH, Pad, s HR and 
MBP was measured and the results are given in Table X . Average PaC0., 
values during hypocapnia, normocapnia and hypercapnia were 23.0 + 6.6 
pte 39.5 + 2.1 mm Hg and 63.3 + 11.5 mm Hg respectively. Mean HR 
and MBP values were reduced in hypocapnia and increased during hyper- 
capnia but not to levels of statistical significance (p>0.05). 

(i) Relationship Between CBF and PaC0, 

Mean hemispheric blood flow (H/A and ISI) values in four 
monkeys displaying traumatic spasm of the internal carotid artery 
average 29 + 4 m1/100gm/min. Response to induced hypocapnia_ was 


tested in three animals (Table X) and a decrease in CBF was observed in 


two (significant decrease present in one animal). In the fourth animal 


(monkey 16), a minute amount of air was injected into the internal 


carotid artery at the onset of the experiment and in this animal, 


induced hypocapnia increased CBF from the normocapnia values (paradoxical 


response). 
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Figure 28: Photographs of monkey brain showing diffuse SAH: (A) Basal view; (B) Posterior 
view. 
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Figure 28B 
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In four animals, CBF studies were performed during hypercapnia. 
In three, a significant increase in CBF occurred, although in one animal 
marked elevation was not exhibited until a Pac0., value of 85 mm Hg was 
reached. 

(ii) Vessel Diameter Responses to PaC0, Change 

Angiographic studies were obtained in two animals during hypo- 
capnia and generalized vessel constriction was demonstrated in both cases. 
Severe vasoconstriction was associated with marked CBF reduction and mild 
constriction with a smaller CBF decrease. 

Vessel diameter measurements were made in three animals during 
hypercapnia. Increase in Paco. generally caused vasodilation, but the 
degree of reponses was variable. In two animals (monkey 14 and 15, 
Table 10), only the MCA increased in diameter, yet a global increase 
in CBF occurred. In monkey 17, hypercapnia (PaC0, > 60 mm Hg) resulted 
in generalized marked vasodilation of the larger intradural vessels, al- 
though the increase in CBF was not significant until Palo, values of 85 
mm Hg were reached. These: correlative studies suggest that the caliber 
of the large intradural vessels, as demonstrated by angiography, do 
not adequately reflect the status of cerebral tissue perfusion. 

(iii) Neurological Assessment 
Two animals were classified as Grade IV, one as Grade III and 


one, Grade II. A good correlation between resting CBF (during normo- 


capnia) and neurological grade was present. The Grade IV animals 


had the lowest and the Grade II animal had the highest resting CBF 


values. 
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CHAPTER FIVE 
DISCUSSION 


Since its first documentation in 1949 by Robertson (140), the 
problem of cerebral vasospasm has occupied a central position in the 
management of ruptured intracranial aneurysms. Robertson concluded 
that ischemic lesions in patients with subarachnoid hemorrhage 
occasionally were caused by arterial spasm and that "this mechanism is 
far commoner than realized." In 1951, Ecker and Riemenschneider (104) 
demonstrated with angiographical methods vasospasm of the major 
cerebral vessels in patients with aneurysms of the circle of Willis. 
With refined angiographical techniques, the incidence of cerebral vaso- 
Spasm associated with ruptured intracranial aneurysms has been reported 
to be between 30 and 68 percent (141, 142, 143). Pool (1958) postulated 
that the clinical course following rupture of an aneurysm was dependent 
to a large degree on the presence, extent and duration of cerebral vaso- 
Spasm (98). 

Numerous recent retrospective clinical studies have indicated 
a direct causal relationship between cerebral vasospasm, frequency of 
infarction and increased morbidity and mortality in patients suffering 
from SAH (141, 144, 145, 146). Vasospasm, when demonstrated, has been 
asserted to be a contraindication to definitive surgical intervention 
(146, 147). Although the literature on arterial vasospasm after sub- 
arachnoid hemorrhage has increased immensely, the fundamental etiology 
of vasospasm remains to be fully elucidated. 

With the introduction of physiological methods of quantita- 


tively determining cerebral blood flow (inert gas washout technique 
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of Ingvar and Lassen), renewed interest in the relationship between 
cerebral vasospasm, perfusion and function was Stimulated. 

Kagstrom (148) demonstrated a 20 percent reduction in hemispheric 

blood flow in seven patients examined during the first few weeks after 
SAH. A three-month follow-up study revealed a correlation between 
hemispheric flows and the severity of neurological sequelae. James (25) 
found reduced cerebral perfusion in 36 patients suffering from recent 
Subarachnoid hemorrhage. The reduction in CBF correlated with the 
impairment of consciousness and the radiological appearance of spasm 
of large cerebral arteries. However, Zingesser, et al.(149) were unable 
to obtain a correlation between rCBF and angiographical vasospasm 

in 19 patients with SAH. They found a reduction in cerebral perfusion 
even in the absence of arterial constriction. Furthermore, vasospasm 
when present, was not necessarliy associated with reduced cerebral per- 
fusion in the vascular territory distal to the spasm. Ferguson, et al. 
(150) studied 22 patients with SAH and found an excellent correlation 
between the neurological state of patients and cerebral blood flow. 
However, in comparing patients with vasospasm (8 cases) to those with- 
out spasm, no signficant difference in cerebral perfusion was detected. 
They concluded that the significance of arterial vasospasm was debatable, 
although severe spasm was usually associated with a marked decrease 


in CBF. Symon, et al. (151) found a correlation between cerebral 


blood flow and the clinical condition of patients. Although they 


concluded that a good correlation between angiographical abnormalities 
(spasm, partial occlusion as a complication of surgery, areas of 


apparent slowed flow) and rCBF was present, only in two of four 


cases was there a correlation between vasospasm and cerebral perfusion. 
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Heilbrun (152) performed pre-operative and post-operative rCBF studies 
in 14 patients suffering from SAH. All patients demonstrated a 

global reduction in cerebral perfusion. Of 5 patients studied in 

the pre-operative period, 3 demonstrated focal ischemia without evidence 
of spasm. Seven patients were studied in the post-operative period 
and 4 demonstrated spasm and reduced rCBF in the distribution of the 
Spastic arteries. However, in comparing patients with severe and 

mild spasm, no difference in rCBF was found. These authors concluded 
that because there was a global reduction in cerebral perfusion after 
SAH, this reduced CBF could not be attributable directly to arterial 
Spasm since spasm was absent in 5 of 6 pre-operative and 4 of 8 
post-operative studies. In addition, vasospasm when present was 
always localized. 

Hashi, et al. (153) concurrently studied CBF and angiographical 
changes in baboons after induced SAH. Seven of ten baboons displayed 
angiographical vasospasm but there was no significant difference in CBF 
in animals with or without arterial spasm in the acute phase after SAH. 
At 24-48 hours, post-SAH spasm was still present but a significant 
reduction in cerebral perfusion occurred. These investigators concluded 
that reduced CBF was the result of perivascular edema and vasospasm. 
Yamaguchi and Waltz (154) studied CBF in cats after puncture of the 
middle cerebral artery and found no constant relationship between CBF 
and the calibers of surface cortical arteries. 

From these studies it is evident that the pathophysiological 
mechanisms involved in the production of decreased cerebral perfusion 
following subarachnoid hemorrhage remain to be fully elucidated. While 


marked cerebral vasospasm appears to be frequently associated with 
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diminished cerebral blood flow, other factors (metabolic and toxic) 
may be of importance. 

The clinical studies have stimulated research on subarachnoid 
hemorrhage and interest continues in developing improved models for 
Studying arterial spasm and cerebral perfusion. Furthermore, such 
Studies may be useful in evaluating the effectiveness of therapeutic 
agents designed to restore cerebral perfusion and the clnical grade of 
patients after subarachnoid hemorrhage. 

The present experimental studies were designed to critically 
investigate the relationship between induced subarachnoid hemorrhage 
and its acute effect on cerebral perfusion, intradural arterial caliber 
and the neurological condition of the animals. 

Rhesus monkeys (macaca mulatta) were chosen for investigation 
because of the striking anatomical similarity between this animal's 
cerebral vasculature and that of man. The animals were sedated with 
pentobarbital, using doses which do not measurably affect cerebral 
blood flow and the cerebral metabolism (155). Anesthesia was maintained 
with nitrous oxide-oxygen and curare, a regimen previously shown not 
to affect cerebral perfusion nor to alter the responsiveness of 
cerebral perfusion to carbon dioxide change (156). Cerebral angio- 
aeaviiead studies were performed in studies B and C by injection of 
Meglumine iothalamate into the internal carotid artery. Potchen, et al. 
(157) showed that a consistent but non-uniform change in CBF occurred 
after Conray 60 angiography and suggested that the effect disappeared in 


approximately 30 minutes (although the optimal waiting period was not 


determined). In the present studies, cerebral perfusion studies were 


almost invariably performed prior to angiography. On occasion 
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when angiography preceded CBF studies during steady state conditions 
no significant change in cerebral perfusion (p>0.05) was detected after 
a waiting period of 15 minutes. 

In the initial study (study A), an accurate reproducible and 
quantitative method of measuring cerebral blood flow in the rhesus 
monkey was developed. In general, an excellent correlation between the 
Stochastic and initial - slope - index methods was obtained and these 
flow values were utilized for statistical analysis. Similar findings 
have been reported by Hoedt-Rasmussen (158) and Wilkinson (159), 

Cerebral perfusion values remained constant over the 5 to 6 hour experi- 
mental period in control animals. Prolonged immobilization did not 
affect CBF values as reported by Raichle, et al. (160). Furthermore, 
the intra-arterial residue detection technique was reproducible as 
demonstrated by repeat CBF studies in the same animals after an interval 
of one to two weeks. 

Subarachnoid hemorrhage was simulated by the method described 
by Weir and his associates (161). With increased experience, this 
method, although not the exact replica of clinical aneurysmal rupture, 
was found to be simple, relatively atraumatic and reliable. Introduction 
of fresh autogeneous arterial blood into the chiasmatic cistern caused 


a significant reduction in cerebral perfusion in approximately 80 


percent of animals. The reduction in CBF was acute and remained 
unaltered for the duration of the experimental period. A bi-phasic 
response as described by Brawley (112) and Simeone (162) was not 
observed because of the short duration of the experiments. 


The pathogenesis of cerebral ischemia after SAH was not evident 
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in the initial study. However, decreased cerebral perfusion did not 
appear to be caused by peripheral or central cardiovascular abnormali- 
ties as the changes observed were transient in nature. The pathogenesis 
of the cardiac abnormalities was not investigated although recent 
Studies have shown that the hypothalamus is in some way affected in 
Subarachnoid hemorrhage. This hypothalamic sympathetic stimulation 
apparently causes intramyocardial release of catecholamines and these 
Substances appear to produce electrocardiographic changes and occasion- 
ally subendocardial ischemia (163). 

Animals subjected to subarachnoid acidic saline injection 
demonstrated an increase in cerebral perfusion lasting one hour or more. 
None of the monkeys exhibited a decrease in CBF over the duration of the 
experiments. Although the series is small and subject to statistical 
criticism, this finding is consistent with other studies (47,48, 

164) which have demonstrated increased cerebral perfusion following 

a reduction in the pH of the interstitial fluid (CSF) of the brain. 

{ea ee the demonstration of no decrease in cerebral perfusion 
after rapid injection of saline into the subarachnoid space supports the 
concept that traction and mechanical factors are of little importance 
in initiation and propagation of cerebral vasaospasm. 

The excellent correlation between CBF, electroencephalographic 
and neurological status of the animals supports the findings of recent 
clinical investigations. 

The second study (study B) was designed to concurrently 


investigate changes in regional cerebral blood flow and arterial vessel 


caliber following induced SAH. The changes observed were subsequently 


compared with the clinical and neurological state of the animals 
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following termination of each experiment. With this study, the 
relationship between cerebral vasospasm and change in cerebral 
perfusion was assessed by statistical methods. 

Measurement of regional cerebral blood flow (rCBF) was achieved 
using a multi-detector scintillation counting system designed and 
adapted for studies in the rhesus monkey. In control animals, flow 
values recorded from the frontal, central, parietal and temporal areas 
were not significantly different from each other. However, flow within 
the cerebellum was decreased by approximately 25 percent while orbito- 
maxillary tissue flow was reduced by 35 to 50 percent. Similar results 
were reported by Hoedt-Rasmussen for man (158). 

Induced SAH caused a significant global reduction of CBF in 
approximately 75 percent of animals. This reduction was immediate and 
flow values remained significantly reduced for the duration of the 
experiments. Little variation in rCBF occured after reduced perfusion 
was established. Significant generalized vasospasm of the larger intra- 
dural arteries was exhibited in all animals subjected to SAH. The 
degree of vasospasm present in animals not exhibiting a decrease in 


rCBF was not statistically different from those demonstrating a 


significant decrease in rCBF. Furthermore, this study demonstrated 


that cerebral blood flow is more constantly related to the clinical 
grade of the animals than the degree of arterial constriction after SAH. 
Since the clinical grade of patients suffering from aneurysmal] 
rupture is a very important factor in determining the course and 
prognosis (165), this relationship appears important. 

The apparent discrepancy between vasospasm and cerebral 


perfusion has not been fully resolved in the present experiments. 


a An gy i 
» VRS 28 i 43 ve e il bel 
rye AF 


a : ven’ sen eb Ris Ay ae "y pe Nees 
2c (FBI) WwOLP ppchoy pera ao if REQ ON Lc 4 


byt } ml Mer} : 
{ ; Negi Ta Wa 
DOMnT Gad Teg eve pir pit Sr ie ‘iy — a 
: i (at Ma “oI 5 as. a 
i want at 


\ z P A i i A \ 1 
‘ d >. eee 4 @ aE abs (Pen ee re Oc P ys ues 
sr icpiat tay TA3 Sp, Seen mae ee eee) eee 


- win ne uf al 


: ( ENca ME se 
vavawc /oeddh Habs font dire ve ty eer is 
‘ rai " a rN At " vi i, ‘ i, | ba” a ‘i Pu cae A 
0 usar: 1h) al of dhe nam ua bag: aS 24 caw at 
= , a ' a ‘ ‘ 
+ chokes TAR Wa sy ‘“ or ey 
higatsy Oe Ou Aq bet) 2 w Mio ovee! 
, in : mie teit ” aie nie [ a : nnat 7 Re ua on , 
5 " : ¥y i ‘ { scplecd 
eb) te eo one aia me abe oH I a r “ 
i , ao faa ie sf 1a mY we ty 
£7 ¥9 robbuhes Fé nts # or isa te sun 


ig tein we asin 4 8 on wt ' 


base I 


Ey ‘ 7 < ‘ : a 5 = mv Ly a 
es ti b : y Lee 7 ba) x ; , eS ¥ naiey visits ain 3 


- ‘ 
1 “ rei ims bite Fa 


ane vinsns iG it + pa 14 ahh 
- ; ,F et aid 2 
ine aatuea- Bie: oritrnaneds 
i ; vi ye id one 
a ; 1] ; . . i ikon ay oe 


il el 7 as 


j bei 199, otha weenayéay Mh 
ar 


int t 4 ey hase ons te 
Lua ri Kil a ie ) 


142 


However, these studies suggest that vessels of subradiological caliber 
are more important in regulation and maintenance of cerebral perfusion 
than are the larger capacitance vessels. Measurement studies with 
Statistical application have shown that the distal vessels are more 
vasoreactive to SAH. Similar findings were reported by Raper (166) and 
Symon (167). Moreover, indirect evidence arising from the present 
experiments suggests that other factors may play a role in the deve lop- 
ment of cerebral ischemia after SAH. Animals which displayed low flow 
values and marked neurological deficit also exhibited increased intra- 
cranial pressures in the post-SAH period. This finding is in accordance 
with the study of Hashi, et al. (153), These investigators suggested 
that cerebral ischemia after SAH may result from swelling of peri- 
vascular astrocytes and cerebral edema. 

The presence of an excellent correlation between cerebral blood 
flow and the neurological state suggests that perfusion studies are 
more sensitive than the degree of vessel caliber constriction with 
respect to cerebral function and survival after subarachnoid hemorrhage. 
Further experimental and clinical studies are required to determine 
whether angiographical spasm in the presence of normal cerebral 
perfusion and a good clinical grade is still a contraindication to 
early aneurysmal surgery. 

The final study (study C) was designed to concurrently 
investigate regional cerebral blood flow and intradural vessel 
responses to graded carbon dioxide tension change in control monkeys 
and in monkeys subjected to SAH and traumatic internal carotid artery 


Spasm. 
It is well accepted that carbon dioxide has the most profound 
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effect on cerebrovascular tone of any substance yet investigated. 
Numerous clinical (168,169,170) and experimental (41,42, 171) studies 
have shown that increase in Paco, Causes an increase in CBF in normal 
brain tissue and a decrease in PaC0,, Causes a decrease in CBF. However, 
the effect of C0, On cerebral hemodynamic responses in ischemic brain 
tissue has provided inconsistent results and interpretations (171,172 
173, 174). | 
In control animals, cerebral perfusion increased linearly 

between Paco. values of 30 mm Hg and 60 mm Hg and within this range 
cerebrovascular reponsiveness was maximal. Induced hypocapnia to 
approximately 20 mm Hg resulted in a 40 percent derease in cerebral 
perfusion. Below Paco, values of 30 mm Hg, CBF resonse was con- 
Siderably attenuated, but below 25 mm Hg a small increase in CBF was 
seen . Increases in CBF during extreme hypocapnia have been shown to 
be due ae teatt to hypoxia created by intense cerebral vasoconstrction 
(46). 

3 Increase in PaC0., from 40 mm Hg to 62 mm Hg resulted in 75 


percent increase in CBF. These findings are similar to those obtained 


in man by Kety (168) and Wollman (155). Cerebral blood flow response 
to PaCO, values above 60 mm Hg diminished and at about a PaCO, value 


of 80 mm Hg, little or no increase occurred. Harper and Glass (42) 


obtained similar results in canine studies. Cerebral tissues showed a 


greater responsiveness to PaC0, change than did cerebellar or extra- 


cranial tissues and cerebral grey matter was more sensitive to PaCd., 


change than cerebral white matter. 


Concurrent angiographical studies demonstrated that the more 


distal smaller vessels are more responsive to Palo, change and 
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correlated to a greater degree with CBF than the larger capacitance 
arteries. Furthermore, vessel diameter measurement did not provide and - 
adequate index of the status of the cerebral circulation. 

Subarachnoid hemorrhage induced during the normocapnic state 
produced a sustained global reduction (15 to 35 percent) in cerebral 
perfusion. Cerebral blood flow response to Paco, Change, although 
attenuated, was not abolished. Induced Fry Mea nas a further 
decrease in CBF in the post-SAH period while hypercapnia inereseca CBF 
(although not to the degree seen in the pre-SAH period). The CBF 
response curve was shifted to the right sc that greater increases in 
PaC0, were necessary to achieve the level of response seen in the pre- 
SAH period. In general, CBF increased very gradually, or not at all, 
until PaC0., values of 60 mm Hg to 65 mm Hg were reached. Above Palo, 
values of 60 mm Hg, a marked increase in cerebral perfusion occurred. 
This hypercapnia induced "CBF-breakthrough" phenomenon was demonstrated 
in all animals subjected to SAH. This phenomenon has not been 
previously described and its etiology can only be spectulated upon. 
Loss of autoregulation which is frequently present with hypercapnia 
(175) and also SAH, does not appear to be a factor responsible for the 
marked increase in GBF as blood pressure and heart rate remained 
essentially unchanged inthe post-SAH period. Perhaps extreme hyper- 
capnia exerts its influence on the cerebral microcirculation. J 1b as 


well recongnized that only a small portion of the cerebral microcircu- 


lation is patent during normal conditions (176). With extreme hyper- 


capnia and loss of autoregulation, 4 greater portion of the micro- 


ausi i ase in cerebral 
circulation may be "opened" causing a4 marked increas 


perfusion. Whether the increase in perfusion contributes to increased 


OBESS TION? of sadperwe 


Ap i] Z, . \ } * 
‘ + ) i : 
Jet avodht | pate aey + da gt wt Oe Uh fot re 04, Fo goalay: 


r ee \ aN ci 
° err on se 44 . *~ ee | 
sts. AV No , Teddies git? to eudgde ai te MADRE 
ee TA te, Pa ae ST ales) Ayr) 
Jaeten acd hited psaubtl” sree pe piondon 4ndue ANE 
y —, ih a ro q Fae rut - = oy ? i 
nh hana Ah oe ey oat Hi ne yan he aseue. j re aT) 
! Pitas ‘yf wh MS Lk } (ote “> a ; te! ts Le belie: fs 5 


: ‘ay veh ») 7 
mc Am f v ct aT oft i ae ¥ ; 7 cand : t& Ket)” J we Fe 


cae ee 
" aero se ae 4 . 
F : - ae SG. 
a 4 — 
a VA" ‘ ¥ ~ ~ s¥ oh 
) } y 1 * v ba 29 E88! s s ie | 2b }. 
77 ' » . 
s 4 i, 
{ i 
* 
- i. 
5 Pad 
‘ A " ‘ PHO rea / i ee | we 
‘ a ” 
4 
N 4 
os be + ts ay a 4 : \ ms whe on x mes eRe Cl i. ot ; a 
ee - tt LAS it z " Tat tena or H + ote | se J he : 2 rae ay 
‘ : ei nt 
+ ‘ : bef ; ’ ‘> ov P 
~ Aiea ox 22 y mete ey ‘ i b> . Ta a 4 ‘a ? z W 
owe | A 5 wag MEL 92,52 {) st , ee ws ' ’ ‘ae *) e ‘ a ti 
) : ] hy \ ; > \. Pi 


: 1 * } 5 ei > ‘ 2 ae = 
fay eat rs Ne BOMBA ee LETO. MeL, Sate sve Tae Od eo 2202 9 


: ee 
i 7 ' et, nN ke 
Poon! Ho “ute favisties Be paeerian’ ‘belie 6 7 RH Am ‘s an 

‘’ ony yp, _ wie im mY ee < aa a . el 5 : ae: 

ia cito 1) few We oa 


tap, hanwee=" + Pines “9 
naedy d'eet - ernie A)  gHAt OF betys obdu. toning 


ee } Iidatedon 2 a ee aor raed yet 
in el I ay z ain a oo 
Sind soiaeun Niue 1see -Asilin bo! ew nite lupe 

a i Ais ’ 


| “A ‘ ot fuk ies yb naa ie wie ‘orem — 


Mle | ' a A | ae, 


Ogu | tutes aici ¢ a 


RM 
| a an 


“YSQWIY SOI) ) anon 


RTA LS 
eee TS | 


avy ousormn 14 sean a 16 nots ‘liam a VinG dit 
; a: 


' ree gee 7 a 
PBRTT OH py si 36 


Z aelupos il ni8R 


af 


bid ici Ge 
Lawes AY 


145 


oxygen and glucose utilization and thus decreased morbidity remains to 
be investigated. 

Angiographical studies demonstrated intradural vasospasm in all 
monkeys subjected to SAH. The degree of vasoconstriction varied among 
animals and to some extent, in different vessels in the same animal. 
Hypocapnia in the pos-SAH period increased the intensity of constriction, 
Suggesting vessel reactivity was retained and SAH did not produce 
maximal constriction. Hypercapnia produced variable vessel caliber 
responses even though cerebral perfusion was always significantly increased. 
In one animal PaCo,, increase produced a paradoxical response (intensified 
vasospasm) even though cerebral perfusion was significantly increased. 
DuBoulay (177) described a similar paradoxical response to hypercapnia 
in spastic arteries in patients suffering from SAH although CBF 
studies were not performed in his study. In a second animal PaCd, 
elevation caused mild relaxation of the spastic arteries. Even though 
intradural vasospasm was still evident during extreme hypercapnia, 
cerebral perfusion was increased above the pre-SAH normocapnia values 
and reflux of contrast medium into the opposite carotid and vertebral 
systems was abated. Similar findings (i.e. increased perfusion and 
decreased cerebrovascular resistance) were observed in the remaining 
hypercapnic animals displaying intradural vasospasm. 

The effect of traumatic spasm on cerebral blood flow and intra- 
cranial vessel reactivity has been recently investigated in primates. 
Harper (178) studied CBF response to carbon dioxide increase prior 
to and following bilateral traumatic spasm of the internal carotid 
arteries. Cerebral blood flow response to PaCl0, increase (from 40 mm 


Hg to 60 mm Hg) was markedly diminished in the post-spasm period. 
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Symon (179) demonstrated that hypocapnia (20 mm Hg) or hypercapnia 
(above 50 mm Hg) had no influence on the character or duration of 
Spasm produced in the middle cerebral artery by traumatic stimulation. 
Spasm produced a decrease in perfusion pressure and cerebral perfusion 
in the peripheral distribution of the Spastic artery and it was 
suggested that hypercapnia would, in fact, decrease perfusion in the 
ischemic area. 

In the present study, traumatic spasm of one internal carotid 
artery produced a significant unilateral decrease in cerebral blood 
flow during normocapnia. Hypocapnia produced a further CBF decrease, 
Suggesting preservation of the vasoconstrictor effect. Graded hyper- 
Capnia produced a corresponding increase in CBF which reached levels of 
‘Significance at PaC0, values near 70 mm. Hg. Cerebral blood flow response 


to PaCO, increase was depressed as compared to the control studies and 


2 
these results were in accord with Harper's work. 

The present studies suggest that (i) SAH causes an increase in 
cerebrovascular resistance and a decrease in CBF by an ill-defined 
mechanism operating primarily at the microvascular level; (ii) hemo- 
dynamic responses to PaC0., change, although attenuated, are not 
abolished in the acute period after SAH. Hypocapnia decreased and 
hypercapnia increased CBF in the post-SAH period; (iii) hypercapnia 
(PaC0, > 60 mm Hg) significantly increased cerebral perfusion whether or 
not vasospasm was alleviated; and (iv) the small distal cerebral vessels 
(below radiological resolution) appear to be more reactive to PaC0, 


change and are more intimately associated with the regulation of cerebral 


perfusion. 
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Whether carbon dioxide inhalation therapy is of value in the 
treatment of cerebral ischemia caused by subarachnoid hemorrhage 
remains to be investigated. Chronic experimental studies would be 
essential for evaluating the effectiveness of intermittent or continuous 
carbon dioxide therapy on morbidity and mortality in animals subjected 
to SAH. The present results are encouraging and in highly selected, 
carefully managed patients, clinical trials may be warranted. 

Perhaps patients displaying evidence of cerebral ischemia after adequate 
clipping of a cerebral vessel aneurysm would be candidates for this 


form of therapy. 
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CHAPTER SIX 
SUMMARY 


Cerebral blood flow studies were performed in a total of 60 
monkeys (3 related studies) utilizing the intra-arterial radio-isotope 
technique of Ingvar and Lassen. Control studies were performed in 19 
3 animals, 31 animals were subjected to SAH, 4 animals received subar- 
achnoid saline injection, 2 received subdural hemorrhage and 4 monkeys 
were subjected to traumatic spasm of one internal carotid artery. All 
animals were sedated with pentobartital sodium and anesthesia was main- 
tained with a nitrous oxide-oxygen mixture. Other physiological para- 
meters monitored included blood pressure, heart rate, arterial blood gases 
and pH, EKG and in several snathates EEG and intracranial pressure. Upon 
termination of the experiments , the animals were neurologically assessed 
and graded. ‘Animals subjected to cerebral apoplexy were sacrificed for 
pathological verification of the lesions induced. 

Although cerebral blood flow was calculated using the compart- 
mental, stochastic and initial-slope-index methods, only the stochastic 
and initial-slope-index methods were utilized for statistical analysis. 

In control animals cerebral blood flow and other physiological 
parameters remained constant over the 5 to 6 hour experimental period. 
Flow values recorded from four discrete supratentorial areas were not 


significantly different from each other and cerebellar flow was usually 


reduced by approximately 25 percent. Carbon dioxide inhalation caused 


a linear increase in CBF between PaC0, values of 30 mm Hg and 60 mm Hg 


and outside this range, CBF response was attenuated. Cerebral 


tissue showed a greater responsiveness to PaC0, change than cerebellar 


148 


Reo! «i Pd, (Ones 
Ae Se i 4 P2 ely 
\ hen ni Aeterl  ae 
a RAT) the ue 
i Bid!) Was 
Hy) a } Ta nl 
i - cM 4 gos he Ay j mip eh 
mS et cE een 
Yop le wee bit \ ‘es La 
La ta: A abies 
Ria ; ae 
| Seer ee Gy Viel 
Wathen 
"i 4 ea lene ee 
: ot ; 4 ar oF 
; at DaRtiOt ee SRe eat ante wae booked ‘Tenders Hi 
7 v4 = . { r swe é jer aye, Th 
’ ‘ i poe = is as 
folwag keen tat GA ental fiay (eoreees saith " 
‘ i j ; * i Ane 
aq Sy ae 2 Se Byes igh Gy,” NBEARL OF sao “to 9 
+ t= j hat sig 


VPa5g4 Si aah BODHA® eg betoehdue o4aw steers fi 
a, é . oe a 


ne aera Sonat aaubdee bewteoad Ss" nohy 3ent ait! 


; i 
bitta lat 
YD | 3 Bi 8) TCT 2 { ite otf Si m8" 3 ‘ot banat ds 
Ye ee rere yy aie eee 
rant ars ity Myfned oy roves ieg ag hw Kinane ; 
ws ; i | J a a TLS 
een any Gaye Le a ; iy 
ne ‘ , A : nba g -- 
r2NAb VSTSOl \Saxin Hap Ko-SEr xO euord ath 
‘ 7 he ; 7 = ba | Wy “= a ae A as) 
i, " te 


Arty) ys j he we 


as ; ; rue dy mad ‘ ca a oi i <a fh 
OTe Br183 } ‘tp, pho} by Beit,” ats ne Ma, s nae a b 
ne) wads “ane ad: sepaminsef Teen a8 wi bas | 


a 1Hq 
4 ' 
Dib al ci 
if fs3;00TC(U Me ages Sioa ti any deena ys a8 9 eit YosnoY 


pale 


IFT Tape Ny ean us Ne ou ‘hap aatewe % (aa te i ie 


genie ee sit? Ts (* Ne, j reales 0 
eee na ‘ mY te i 7 | x 
(KOI at ter, obi ite ae ‘Man? bint o a4 ss 9 r wan 


AW if 


ySU2ES UW 


S301 09) Lsnote- Leip it nb aie Mabe 

abe bens fore aerate SG a Ns shine prow coo Son inion 
ai ie peal ieee 

finders along fortada inl 


fa | af ( yar HT 
a rea + havo af sei a we ae 
" gine Ib walt ‘a 1 oe 
+6 fio 69 wor? Snows 


oa : 74 b, ie y ta io 
baziips ford sl EAN Sb) ie <r 120 is cin ve ah ™ oa 
. aS Yat - on nie 


. 
cG 
a 
a 
ar} 
S 
a ot ae 
me 
ay: 
== 


a 7S eT ee? hiagke" a 
7 moe i) 4 
SINK re trodnys 
Ped 4 


i" 
~~ 
e8 
= 
< 
\y 


wile 7 j laa pe v ond ie <) 
7 i y = 

ta? aay? " {eae natty sortie ae, b 
‘ an 


a ou ' 


or extracranial tissues and grey matter was more sensitive to PaCd., 
Change than cerebral white matter. 

Subarachnoid hemorrhage caused a Significant global reduction 
in cerebral perfusion in 75 to 80 percent of animals. The reduction was 
immediate and flow values remained Significantly reduced for the duration 
of the experiments. Little variation in CBF occurred after reduced 
perfusion was established. Other physiological parameters were 
markedly altered during Tage cian of SAH but these effects were transient 
(5-10 minutes). Animals with reduced cerebral blood flows after SAH 
displayed severe neurological deficits whereas those exhibiting no sign- 
ificant change in cerebral perfusion were healthy. 

Angiographical vasospasm was present in all animals subjected to 
SAH. The spasm was generalized and persisted for the duration of the 
experiments. The degree of spasm present in animals exhibiting reduced 
cerebral perfusion was not significantly different from those with normal 
flows. 

Cerebral insult (SAH and TSICA) caused a decreased cerebral 
blod flow response to carbon dioxide change. However, when PaC0, was 
raised to sufficiently high levels (60 mm Hg to 65 mm Hg), marked in- 
creases in cerebral perfusion occurred (Breakthough Phenomenon) . 
Hypercapnia Stee a significant increase in CBF even though cerebral 
vasospasm was not alleviated. 


These studies also suggest that (i) cerebral vessels of a size 


below radiological resolution are important in the regulation of main- 


enance of perfusion; (ii) cerebral blood flow is more constantly related 


to clinical grade than is the degree of cerebral vasoconstriction after 


SAH; and (iii) measurement of CBF appears to be a more valuable tool as 
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a prognostic indicator of cerebral function and survival than angio- 


graphical demonstration of arterial vasospasm. | 
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